Spectroscopy of plant tetrapyrroles in vitro and in vivo by Scheer, Hugo
Spectroscopy of Biological 
Molecules 
Theory and Applications - Chemistry, 
Physics, Biology, and Medicine 
ed i ted by 
Camille Sandorfy 
and 
Theophile Theophanides 
Depar tmen t of Chemis t ry , Univers i ty of Mont rea l , 
Mont rea l , Quebec , Canada 
D. Reidel Publishing Company 
Dordrecht / Bos ton / Lancaster 
Pub l ished in coopera t ion wi th NATO Scient i f ic Affairs Div is ion 
TABLE OF CONTENTS 
PREFACE i x 
I . THEORETICAL OVERVIEW 
ENERGY BANDS IN DNA 
J. J. L a d i k 1 
H-BOND CHARGE-RELAY CHAINS IN MULTI-HEME CYTOCHROMES AND 
OTHER BIOMOLECULES 
G. Del Re 15 
HYDROGEN BONDING-THEORETICAL AND SPECTROSCOPIC ASPECTS 
D. Had2i 39 
HYDROGEN BONDS IN BIOLOGICAL STRUCTURE AND MECHANISM 
D. Had2i 61 
I I . RAMAN AND INFRARED STUDIES OF THE STRUCTURE AND DYNAMICS OF 
NUCLEIC ACIDS AND PROTEINS 
RAMAN STUDIES ON DINUCLEOSIDE MONOPHOSPHATES 
E. D. Schmid and V. Grämlich 87 
MOLECULAR INTERACTION BETWEEN NUCLEIC ACIDS AND ALKYLATING 
AGENTS BY RAMAN SPECTROSCOPY 
A. B e r t o l u z z a 91 
RAMAN AND FT-IR SPECTROSCOPY OF DRUG-BIOLOGICAL TARGET 
INTERACTIONS IN VITRO AND IN VIVO 
M. M a n f a i t , T. Theophanides, A. J. P. A l i x and 
P. Jeannesson 113 
SPECTROSCOPIC PROPERTIES OF METAL-NUCLEOTIDE AND 
METAL-NUCLEIC ACID INTERACTIONS 
T. Theophanides and H. A. T a j m i r - R i a h i 137 
CONFORMATION AND DYNAMICS OF NUCLEIC ACIDS AND PROTEINS 
FROM LASER RAMAN SPECTROSCOPY 
W. L. P e t i c o l a s 153 
STRUCTURAL TRANSITIONS I N DNA (Α,Β,Ζ) STUDIED BY I R 
SPECTROSCOPY 
E. T a i l l a n d i e r , J . L i q u i e r , J. Taboury, and M. Ghomi 171 
v i T A B L E O F C O N T E N T S 
RAMAN SPECTROSCOPY OF BIOMATERIALS ACTING AS BONE PROSTHESIS 
A. B e r t o l u z z a 191 
I I I . NMR SPECTROSCOPY AND ITS APPLICATIONS 
TEACHING THE NEW NMR: A COMPUTER-AIDED INTRODUCTION TO THE 
DENSITY MATRIX FORMALISM OF MULTIPULSE SEQUENCES 
G. D, Mateescu and A. V a l e r i u 213 
SOLUTION AND SOLID STATE C-13 AND N-15 NMR STUDIES OF VISUAL 
PIGMENTS AND RELATED SYSTEMS: RHODOPSIN AND BACTERIORHODOPSIN 
G. D. Mateescu, E. W. Abrahamson, J. W. S h r i v e r , W. Copan, 
D. Muccio, M. I q b a l and V. Waterhous 257 
HIGH RESOLUTION ]H NMR STUDIES OF MONONUCLEOTIDES WITH METALS 
T. Theophanides and M. P o l i s s i o u 291 
IV. THE MECHANISM OF VISION PLANT PIGMENTS 
RESONANCE RAMAN DETERMINATION OF RETINAL CHROMOPHORE 
STRUCTURE IN BACTERIORHODOPSIN 
R. A. Mathies 303 
STRUCTURAL AND KINETIC STUDIES OF BACTERIORHODOPSIN BY 
RESONANCE RAMAN SPECTROSCOPY 
T. A l s h u t h , P. H i l d e b r a n d t , and M. Sto c k b u r g e r 329 
STATIC AND TIME-RESOLVED INFRARED DIFFERENCE SPECTROSCOPY 
APPLIED TO RHODOPSIN AND BACTERIORHODOPSIN 
F. S i e b e r t 347 
INTERMEDIATE STATES IN VISION 
P. M. Rentzepis 373 
CORRELATION OF CELLULAR AND MOLECULAR CHANGES IN VISUAL 
PHOTORECEPTORS BY LIGHT SCATTERING RELAXATION PHOTOMETRY 
E. W. Abrahamson, T. J. Borys , B. D. Gupta, R. Jones, 
R. U h l , A. G e i s t e f e r , and S. Deshpande 385 
SPECTROSCOPY OF PLANT TETRAPYRROLES IN VITRO AND I N VIVO 
H. Scheer 409 
PREPARATION OF 2H AND 1 3C LABELED RETINALS 
J. L u g t e n b u r g 447 
AN INTRODUCTION TO TWO-PHOTON SPECTROSCOPY 
R. R. B i r g e 457 
TWO-PHOTON SPECTROSCOPY OF BIOLOGICAL MOLECULES 
R. R. B i r g e , Β. M. P i e r c e , and L. P. Murray 473 
T A B L E O F C O N T E N T S v u 
V. SPECTROSCOPY OF MEMBRANES 
MOLECULAR STRUCTURE OF THE GRAMICIDIN TRANSMEMBRANE 
CHANNEL: UTILIZATION OF CARBON-13 NUCLEAR MAGNETIC 
RESONANCE, ULTRAVIOLET ABSORPTION, CIRCULAR DICHROISM 
AND INFRARED SPECTROSCOPIES 
D. W. U r r y 487 
IONIC MECHANISMS AND SELECTIVITY OF THE GRAMICIDIN 
TRANSMEMBRANE CHANNEL: CATION NUCLEAR MAGNETIC RESONANCE, 
DIELECTRIC RELAXATION, CARBON-13 NUCLEAR MAGNETIC RESONANCE, 
AND RATE THEORY CALCULATION OF SINGLE CHANNEL CURRENTS 
R. W. U r r y 511 
IN SITU MONITORING OF MEMBRANE-BOUND REACTIONS BY 
KINETIC LIGHT-SCATTERING 
A. S c h l e i c h e r and K. P. Hofmann 539 
FOURIER TRANSFORM INFRARED SPECTROSCOPY AS A PROBE OF 
BIOMEMBRANE STRUCTURE 
Η. H. Mantsch 547 
INVESTIGATIONS ON BIOLOGICALLY IMPORTANT HYDROGEN BONDS 
C. Sando r f y , R. Buchet, and P. M e r c i e r 563 
V I . RECENT ADVANCES IN SPECTROSCOPIC TECHNIQUES 
A REVIEW OF THE FOURIER TRANSFORM NEAR INFRARED SPECTROMETER 
FOR THE DETERMINATION OF NON-METALS IN ORGANIC COMPOUNDS 
BY ATOMIC EMISSION FROM AN ATMOSPHERIC PRESSURE ARGON 
INDUCTIVELY COUPLED PLASMA 
A. J. J. Schleisman, J. A. Graham, R. C. F r y , 
and W. G. F a t e l e y 571 
RAMAN MICROPROBE AND MICROSCOPE. TIME RESOLVED RAMAN 
TECHNIQUES 
M. Delhaye 587 
FAR-INFRARED SPECTROSCOPY OF BIOMOLECULES 
L. Genzel, L. Santo, and S. C. Shen 609 
PICOSECOND RELAXATIONS IN HAEMOGLOBIN, LYSOZYME, AND 
POLY-L-ALANINE OBSERVED BY MM-WAVE SPECTROSCOPY 
L. Genzel, F. Kremer, A. P o g l i t s c h , and G. B e c h t o l d 621 
AUTHOR INDEX 637 
SUBJECT INDEX 640 
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B o t a n i s c h e s I n s t i t u t der Universität 
Menzinger Straße 67 
8 0 0 0 München 19 F.R. Germany 
ABSTRACT 
The s p e c t r o s c o p y of c h l o r o p h y l l s and b i l i p r o t e i n s i s d i s -
c u s s e d w i t h examples s e l e c t e d from r e c e n t i n v e s t i g a t i o n s . 
These i n c l u d e t h e s t r u c t u r e e l u c i d a t i o n of the phyto-
chrome P f r chromophore and the c u r r e n t s t a t u s of the work 
on c h l o r o p h y l l - R C I , work on the b i o s y n t h e s i s of c h l o r o -
p h y l l s by n o n - i n v a s i v e t e c h n i q u e s , s t u d i e s on the i n s i t u 
s t r u c t u r e of c h l o r o p h y l l s and b i l i p r o t e i n chromophores, 
energy t r a n s f e r s t u d i e s i n p h o t o s y n t h e t i c antenna s y s t e m s . 
A b b r e v i a t i o n s : 
Chi = C h l o r o p h y l l , B e h l = B a c t e r i o c h l o r o p h y l 1 , Phe = Pheo-
p h y t i n , Bphe = B a c t e r i o p h e o p h y t i n , Mephe = Methylpheophor-
b i d e , Bmephe = B a c t e r i o m e t h y l p h e o p h o r b i d e , PC = P h y c o c y a n i n 
P r and P f r = Phytochrome i n the r e d and f a r - r e d a b s o r b i n g 
form, r e s p e c t i v e l y , u v - v i s - n i r = a b s o r p t i o n i n the u l t r a -
v i o l e t , v i s i b l e and n e a r i n f r a r e d s p e c t r a l range, CD = 
c i r c u l a r d i c h r o i s m , FDMR = f l u o r e s c e n c e d e t e c t e d magnetic 
r e s o n a n c e , NMR = n u c l e a r magnetic r e s o n a n c e , ESR = e l e c t r o n 
s p i n r e s o n a n c e , ENDOR = e l e c t r o n n u c l e a r double r e s o n a n c e , 
HPLC = h i g h performance l i q u i d chromatography. 
Acknowledgements: The c i t e d work of the a u t h o r was suppor-
t e d by the Deutsche F o r s c h u n g s g e m e i n s c h a f t , Bonn and by the 
Universitätsgesellschaft, München. 
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A ; INTRODUCTION 
S p e c t r o s c o p i c t e c h n i q u e s have become i n c r e a s i n g l y i m p o r t a n t 
i n b i o l o g i c a l s t u d i e s . T h i s i s m a i n l y due to g r e a t improve-
ments i n t h e i r s e n s i t i v i t y and s e l e c t i v i t y , b u t a l s o to 
advancements i n the u n d e r l y i n g t h e o r i e s w h i c h made l e s s 
ambigous i n t e r p r e t a t i o n s p o s s i b l e . The t e c h n i c a l d e t a i l s o f 
t h e s e improvements a r e beyond the scope of t h i s t a l k and 
have i n p a r t been d e a l t w i t h by o t h e r a u t h o r s of t h i s 
summer s c h o o l . I n view o f the v a s t amount of m a t e r i a l on 
the s p e c t r o s c o p y of p l a n t t e t r a p y r r o l e s , I have a l s o not 
t r i e d to g i v e a complete r e v i e w , b u t have r a t h e r f o c u s e d 
on c o m p a r a t i v e l y few examples w h i c h a r e meant to i l l u s t r a t e 
the c u r r e n t a p p r o a c h e s , p o t e n t i a l s and l i m i t a t i o n s of some 
s e l e c t e d methods. I a p o l o g i z e f o r any undue b i a s i n t h i s 
s e l e c t i o n . 
P l a n t t e t r a p y r r o l e s comprise the c h l o r o p h y l l s and the b i l i -
p r o t e i n s s e r v i n g as p h o t o r e c e p t o r pigments, the cytochromes 
f u n c t i o n i n g i n the e l e c t r o n t r a n s p o r t o f p h o t o s y n t h e s i s and 
r e s p i r a t i o n , the s irohemes and c o b a l a m i n e ( s ) a c t i n g as c o -
f a c t o r s i n s e v e r a l i m p o r t a n t enzymes, and a l s o the b i o -
s y n t h e t i c p r e c u r s o r s and d e g r a d a t i o n p r o d u c t s of a l l t h e s e 
pigments. I s h a l l o n l y d e a l w i t h r e c e n t i n v e s t i g a t i o n s on 
c h l o r o p h y l l s , b i l i p r o t e i n s and m e t a b o l i c a l l y r e l a t e d 
s t r u c t u r e s . The chosen examples f o c u s on p e c t s . 
The f i r s t i s the s t r u c t u r e e l u c i d a t i o n of i s o l a t e d or a t 
l e a s t e n r i c h e d compounds ( s e c t i o n B ) . The second i s the 
s p e c t r o s c o p y of i n c r e a s i n g l y complex systems up to whole 
o r g a n e l l e s o r organisms ( s e c t i o n C ) . I t has been u s e d 
s t u d y the i n s i t u s t r u c t u r e of the pigments, b u t a l s o to 
s t u d y t h e i r b i o s y n t h e s i s and to i n v e s t i g a t e the i n t e r -
r e l a t i o n s among the d i f f e r e n t pigment m o l e c u l e s . 
B: SPECTROSCOPY OF ISOLATED PIGMENTS 
Improved s e p a r a t i o n t e c h n i q u e s have r e c e n t l y a l l o w e d the 
i s o l a t i o n of many new p l a n t t e t r a p y r r o l e s and p r o v i d e d 
e v i d e n c e f o r an even l a r g e r number of pigments p r e s e n t 
o n l y i n s m a l l amounts b e s i d e s the major c h l o r o p h y l l s , e.g. 
Chi a and C h i b i n p l a n t s and B e h l &f b, £ and d i n b a c -
t e r i a . O p t i c a l s p e c t r o s c o p y , i n p a r t i c u l a r u v - v i s - n i r 
a b s o r p t i o n , i s the most s e n s i t i v e and r a p i d t e c h n i q u e to 
c l a s s i f y among the d i f f e r e n t pigments. U s e f u l s t r u c t u r a l 
h i n t s can be o b t a i n e d from comparison w i t h pigments of 
known s t r u c t u r e , b u t the method i s u n a b l e to p r o v i d e more 
d e t a i l s . The two major methods f o r s t r u c t u r e e l u c i d a t i o n 
412 Η. S C H E E R 
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7.0 6.0 
F i g . l : H-NMR-«pectra (500MHz) o f phytochrome chromo-
peptide«? i n the methine r e g i o n * , ( a ) 1:1-
m i x t u r e of Ρ f r ( l b ) and P r (_la) p e p t i d e ob­
t a i n e d from the p h o t o e q u i l i b r i u m m i x t u r e of 
P f r . (b) The «ame sample a f t e r i r r a d i a t i o n 
w i t h w h i t e l i g h t . The pair*? of l i n e * a«c;o-
c i a t e d w i t h the two form« c o l l a p c e t o a 
c i n g l e l i n e of t h e Ζ,Ζ,Z-peptide ( P r = l a ) , 
the l a r g e s t eshift i« ob«erved a t t h e c i t e 
of i e o m e r i c a t i o n (0-15)· 
From Thümmler et a l . ( 7 ) . 
5b 5a 5c 6 
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a r e NMR and mass s p e c t r o s c o p y , w h i c h a r e b o t h w e l l e s t a b -
l i s h e d , and have been c o n s i d e r a b l y improved r e c e n t l y . The 
l i m i t i n g f a c t o r i n NMR s p e c t r o s c o p y i s i t s s e n s i t i v i t y . 
I t i s now s u f f i c i e n t l y i n c r e a s e d to a l l o w work i n the /Ug 
range, w h i c h p u t s s t r i n g e n t r e q u i r e m e n t s on the sample 
p r e p a r a t i o n and p u r i t y . The l i m i t i n g f a c t o r of mass 
s p e c t r o s c o p y has been the i o n i s a t i o n w i t h o u t a l t e r a t i o n . 
I t has a l s o been c o n s i d e r a b l y improved r e c e n t l y by new 
i o n i s a t i o n t e c h n i q u e s , w h i c h now a l l o w the d i r e c t 
a n a l y s i s o f e.g. u n d e r i v a t i z e d c h l o r o p h y l l s . Both methods 
a r e most u s e f u l i n c o n j u n c t i o n w i t h s u i t a b l e c h e m i c a l 
c o r r e l a t i o n methods. Two s t r u c t u r e s a r e chosen to 
i l l u s t r a t e t h e i r p o t e n t i a l s . 
B.a: CHROMOPHORE OF PHYTOCHROME IN THE P f r FORM 
The b i l i p r o t e i n , phytochrome i s the o n l y photomorpho-
g e n e t i c pigment i n p l a n t s o f w h i c h some s t r u c t u r a l d e t a i l s 
a r e known. I t i s a p h o t o r e v e r s i b l y photochromic pigment, 
w i t h one form, Yrf a b s o r b i n g m a x i m a l l y around 6 6 0 nm, and 
the o t h e r , P f r , around 7 3 0 nm i n the lo n g - w a v e l e n g t h 
s p e c t r a l r e g i o n . Phytochrome o c c u r s o n l y i n s m a l l amounts 
and c o n c e n t r a t i o n s i n p l a n t s , and i t s photochromic p r o -
p e r t i e s have been used as a n a l y t i c a l t o o l d u r i n g the 
i s o l a t i o n . The s i m i l a r i t i e s i n the o p t i c a l a b s o r p t i o n s p e c -
t r a o f _ P r and the r e a d i l y a c c e s s i b l e p h y c o b i l i p r o t e i n , 
p h y c o c y a n i n ( P C ) , were s u b s t a n t i a l i n a s s i g n i n g a b i l e p i g -
ment s t r u c t u r e , t o o , to the chromophore of t h e former ( s e e 
RÜDIGER and SCHEER ( l ) f o r l e a d i n g r e f e r e n c e s ) . The de-
t a i l e d s t r u c t u r e a n a l y s i s o f phytochrome was c o m p l i c a t e d 
by the r a t h e r s t a b l e t h i o e t h e r bond between the chromo-
phore and t h e a p o p r o t e i n , w h i c h p r e c l u d e d a chromophore 
c l e a v a g e w i t h o u t a l t e r a t i o n s o f the chromophore, and a l s o 
by the poor a c c e s s i b i l i t y o f phytochrome. The same c h e m i c a l 
d e g r a d a t i o n t e c h n i q u e s , d e v e l o p e d w i t h J P C and then a p p l i e d 
to phytochrome ( 2 ) p r o v i d e d t o g e t h e r w i t h s t u d i e s on model 
pigments l i k e 3 * 4 ( 3 ) and w i t h the t o t a l s y n t h e s i s of 
b i l e pigments " r e l a t e d to the n a t i v e pigments ( e . g . _ 5 , 
r e f s . 4 ) t h e s t r u c t u r e s 1 a and 2 a f o r the chromophores of 
P r and PC, r e s p e c t i v e l y . The e v i d e n c e f o r the 1 8 - v i n y l 
group i n _1 was, however, o n l y c i r c u m s t a n t i a l ( 5 ) · 
The same s t r u c t u r e s and a proo f of the l a t t e r s u b s t i t u e n t 
have been a r r i v e d a t by p r o t o n NMR of b i l i p e p t i d e s from 
the two pigments ( 6 ) . The NMR spectrum o f l i n e a r t e t r a -
p y r r o l e s c o v e r s t h e s p e c t r a l range between £> = 1 and 8 ppm. 
There i s a c o n s i d e r a b l e o v e r l a p w i t h the NMR l i n e s of the 
p e p t i d e m o i e t y of t h e s e chromopeptides. The s t r u c t u r e 
a n a l y s i s was n o n e t h e l e s s p o s s i b l e by the use of h i g h - f i e l d 
NMR s p e c t r o m e t e r s ( 3 6 0 MHz i n the p a r t i c u l a r c a s e ) . T h i s 
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T a b l e 1 : I n c r e m e n t a l c h e m i c a l s h i f t s ) o f t h e m e t h i n e 
p r o t o n NMR s i g n a l s i n Ζ , Ε - i s o m e r i c b i l i n d i o n e s . 
Λ ( i n ppm) i s g i v e n a«? £> E - 5 Ζ · 
Compound 5-H 1 5 - H 1 0 - H s o l v e n t r e f . 
p h y t o c h r o m e 
c h r o m o p h o r e 
( l b m i n u s l a ) 
p h y c o c y a n i n 
c h r o m o p h o r e 
( 2 b m i n u s 2 a ) 
o c t a e t h y l -
b i l i n d i o n e 
( 3 h m i n u s 3 a ) 
15E A - d i h y d r o -
o c t a e t h y l -
b i l i n d i o n e 
(kb m i n u s ka) 
- 0 , 0 5 7 + 0 , 1 9 5 + 0 , 0 1 2 a c e t o n e - d g / 
H 2 0 / C F 3 C O O H 
- 0 , 0 5 6 + 0 , 1 9 5 + 0 , 0 1 8 a c e t o n e - d g / 
+ 0 , 2 7 
+ 0 , 2 3 
H 2 0 / C F 3 C 0 0 H 
( 7 ) 
( 7 ) 
C D C 1 3 / C F 3 C 0 0 H ( 8 ) 
CDC1, ( 8 ) 
1 5 E A - d i h y d r o -
b i l i n d i o n e 
( u n s u b e t i t u t e d 
R i n g A ) 
15E 3 - d i h y d r o -
7 , 8 , 1 2 , 1 3 , 1 8 -
m e t h y l - 2 - d i ­
m e t h y l - 1 7 - e t h y l -
b i l i n d i o n e 
( 6 b m i n u s 6 a ) 
- 0 , 0 7 + 0 , 2 3 - 0 , 0 1 CDC1, 
0 , 0 9 + 0 , 2 0 - 0 , 0 3 CDC1, 
(kb) 
( 9 ) 
kE 3 - d i h y d r o -
7 , 8 , 1 2 , 1 3 , 1 8 -
m e t h y l - 2 - d i ­
m e t h y l - 1 7 - e t h y l -
b i l i n d i o n e 
( 6 c m i n u s 6 a ) + 0 , ^ 3 + 0 , 0 8 + 0 , 2 6 CDC1, ( 9 ) 
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d i d not o n l y a l l o w f o r s u f f i c i e n t r e s o l u t i o n to s e p a r a t e 
the o v e r l a p p i n g l i n e s from the p e p t i d e and the chromophore, 
bu t gave a l s o t h e n e c e s s a r y i n c r e a s e d s e n s i t i v i t y r e q u i r e d 
f o r the work w i t h phytochrome. An a s s i g n m e n t of a l l chromo^ 
phore p r o t o n s i g n a l s i n t h e P C - p e p t i d e was a c h i e v e d by 
comparison w i t h a s y n t h e t i c p e p t i d e o f the i d e n t i c a l s e -
quence, b u t l a c k i n g t h e chromophore. T h i s was i n t u r n the 
b a s i s f o r t h e a s s i g n m e n t of the chromophore d e r i v e d s i g n a l s 
( i n c l u d i n g t h o s e o f t h e 1 8 - v i n y l g r o u p ) , i n the JPr p e p t i d e , 
l e a d i n g i n d e p e n d e n t l y to s t r u c t u r e 1 a. 
The s t r u c t u r e e l u c i d a t i o n o f t h e P f r chromophore posed 
a d d i t i o n a l p r o b l e m s . P f r p e p t i d e s r e v e r t s p o n t a n e o u s l y to 
the P r form. T h i s r e v e r s i o n i s pH-dependent and s u f f i c i e n t -
l y r e t a r d e d o n l y a t m o d e r a t e l y low pH. The p r e p a r a t i o n of 
P f r p e p t i d e s r e q u i r e d t h e r e f o r e p e p t i c d i g e s t i o n and sub-
sequent work-up u n d e r c o n d i t i o n s w h i c h m a i n t a i n e d a p H » 3 
t h r o u g h o u t . T h i s work-up c a n be done i n p r o t o n a t e d s o l v e n t s , 
b u t an exchange w i t h d e u t e r a t e d s o l v e n t a t the l a s t 
c h r o m a t o g r a p h i c s t e p i s n e c e s s a r y f o r NMR ( 7 ) . U n f o r t u n a t e -
l y , a t l e a s t one ( 5-H) o f t h e t h r e e methine p r o t o n s i s 
r e a d i l y e x c h a n g e a b l e , t o o , w i t h d e u t e r i u m under a c i d i c 
c o n d i t i o n s . S u c h an exchange was ^ i n t o l e r a b l e , b e c a u s e the 
methine s i g n a l s were e s s e n t i a l to d i f f e r e n t i a t e between 
the d i s c u s s e d mechanisms i n the P r - P f r i n t e r c o n v e r s i o n , 
e.g. a redox m e d i a t e d s u b s t i t u t i o n and a Z , E - i s o m e r i s a t i o n . 
The e x t e n s i v e t e s t s to c i r c u m v e n t t h e s e o b s t a c l e s made 
a g a i n us e o f t h e r e a d i l y a c c e s s i b l e PC and of s y n t h e t i c 
b i l i d i o n e s l i k e and 4^  a s models f o r phytochrome, w h i c h 
were used to o p t i m i z e t h e m e a s u r i n g c o n d i t i o n s . I t c o u l d 
be shown, t h a t a m i x t u r e o f d e u t e r a t e d a c e t o n e w i t h p r o t i c 
w a t e r and p r o t i c t r i f l u o r o a c e t i c a c i d ( 8 5 * 1 0 : 5 , v / v ) was 
a p p r o p r i a t e . I t l e d t o o n l y p a r t i a l exchange of the 5-H, 
w h i c h a t the same time f a c i l i t a t e d i t s a s s i g n m e n t , and i t 
a l s o f u l f i l l e d a n o t h e r s p e c t r o s c o p i c r e q u i r e m e n t . The 
p r e s e n c e o f a c o n s i d e r a b l e amount o f p r o t o n s from the 
s o l v e n t ( ) / l O ^ f o l d m o l a r e x c e s s w i t h r e s p e c t to the P f r 
p e p t i d e ) l e a d s t o a v e r y s t r o n g s o l v e n t l i n e i n the NMR 
spectrum. T h i s can p r i n c i p a l l y be coped w i t h by u s i n g a 
computer w i t h a s u f f i c i e n t l y h i g h dynamic range, but o n l y 
i f t h i s l i n e i s w e l l s e p a r a t e d from t h e r e s o n a n c e l i n e s of 
the s o l u t e . S i n c e t h e c h e m i c a l s h i f t o f w a t e r i s s t r o n g l y 
i n c r e a s e d i n the p r e s e n c e of a c i d , t h e amount of a c i d 
added to t h e s y s t e m c a n be u s e d t o a d j u s t the w a t e r l i n e t o 
a p o s i t i o n where i t does n o t i n t e r f e r e w i t h the s o l u t e 
l i n e s of i n t e r e s t . 
W i t h a l l t h e c o n d i t i o n s a d j u s t e d a c c o r d i n g l y , i t was t h e n 
p o s s i b l e to o b t a i n t h e NMR s p e c t r u m o f a P f r chromopeptide 
Η. S C H E E R 
i g . 2 : The " c h l o r o p h y l l e x p l o s i o n " . The time t a b l e 
i n t h e upper r i g h t g i v e s t he number of 
r e a s o n a b l y w e l l e s t a b l i s h e d s t r u c t u r e s . 
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a t the f i r s t s h o t ( 7 ) . Phytochrome accumulated over a 
p e r i o d of s e v e r a l months was p h o t o t r a n s f o r m e d to P f r . de­
graded and p u r i f i e d over n i g h t to the p e p t i d e by the b i o ­
c h e m i s t , t a k e n over by the NMR crew and r u s h e d i n the e a r l y 
morning hours to t h e 500 MHz NMR s p e c t r o m e t e r 3 0 0 km away 
i n the l a b o r a t o r i e s of the BRUKER company. A f t e r measuring 
f i r s t the spectrum of the P f r p e p t i d e , the l a t t e r was 
p h o t o c h e m i c a l l y c o n v e r t e d i n the NMR tube to the P r 
p e p t i d e by i r r a d i a t i o n w i t h w h i t e l i g h t . 
The a n a l y s i s of the s p e c t r a c l e a r l y e s t a b l i s h e d the P f r 
chromophore as the 5Z, 10Z, 1 5 E - i s o m e r l b of the a l l - Z 
P r chromophore l a . T h i s s t r u c t u r e f o l l o w s m a i n l y from the 
a n a l y s i s of the methine p r o t o n s i g n a l s . S t u d i e s w i t h the 
Ζ,Ε-isomers of PC and of the d i h y d r o b i l i n d i o n e s 4a»b ( 8 ) 
and 6 a , b , c ( 9 ) have shown, t h a t the c h e m i c a l s h i f t s of the 
methine p r o t o n s a r e somewhat s o l v e n t dependent. However, 
the i n c r e m e n t a l s h i f t s upon Z, E - i s o m e r i s a t i o n a r e s o l v e n t 
independent, and c h a r a c t e r i s t i c f o r the s i t e of i s o m e r i -
s a t i o n ( t a b l e l ) . The l a r g e s t i n c r e m e n t a l s h i f t i s a l ­
ways observed a t the s i t e o f i s o m e r i s a t i o n . I n the P f r 
chromopeptide, the p o s i t i o n of the methine s i g n a l s of 
the chromophore agree r e a s o n a b l y w e l l w i t h t h o s e of the 
5Z, 10Z, 1 5 E - i s o m e r s 2b and 4 b ( f i g . l ) . There i s a 
second s e t of l i n e s c o r r e s p o n d i n g to the P r chromophore, 
w h i c h i s a l w a y s p r e s e n t and c o n t i n o u s l y formed i n P f r 
p e p t i d e s and amounts to ^ 50 % i n the a c t u a l sample. T h i s 
second s e t of l i n e s i n c r e a s e s a c c o r d i n g l y upon photo-
c o n v e r s i o n a t the expense o f the f i r s t s e t , 
t h u s p r o v i n g d i r e c t l y t h e r e l a t i o n s h i p of the two s p e c i e s . 
The l a r g e s t i n c r e m e n t a l s h i f t i s o b s e r v e d f o r the 15-H 
s i g n a l , and the P f r chromophore must then c o n t a i n the 
15E-isomer l b r a t h e r than the 5E-isomer l c ( o r the f o r 
o t h e r r e a s o n s u n l i k e l y 10 E - i s o m e r ) ( 7 ) · 
B.b.: NEW CHLOROPHYLLS 
The number of c h l o r o p h y l l s has been r a t h e r l i m i t e d u n t i l 
r e c e n t l y , when an " e x p l o s i o n " of new c h l o r o p h y l l o u s p i g ­
ments r a i s e d t h e i r number w e l l beyond i n t o a c c o u n t . I t 
becomes s t i l l l a r g e r i f a l l s u g g e s t e d or s u s p e c t e d 
s t r u c t u r a l v a r i a t i o n s a r e counted ( f i g . 2 ) . A sound 
s t r u c t u r e a n a l y s i s of even the minor pigments seems n o t 
o n l y u r g e n t , b u t a l s o p o s s i b l e w i t h the r e c e n t advances 
i n s p e c t r o s c o p y . I t s h o u l d h e l p to s e p a r a t e the c h l o r o ­
p h y l l s p r o p e r from m e t a b o l i t e s and a r t i f a c t s , and to 
p r o v i d e a s t r u c t u r a l b a s i s f o r t h e i r f u n c t i o n a l s t u d i e s . 
T h e r e a r e two g e n e r a l approaches f o r the s t r u c t u r e 
e l u c i d a t i o n of c h l o r o p h y l l s . The f i r s t i s t h e d i r e c t 
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F i g . 3 : H-NMR-spectrum ( 5 0 0 MHz) of methylpheophor-
bide-RC I ( 4 0 μg i n CDC1 ) . The s p e c t r u m i s 
r a t h e r s i m i l a r to t h a t 01 Mephe a_ ( 3 ) a t t h e 
same c o n c e n t r a t i o n s , but t h e 15-H i s l a c k i n g 
and the 13 -H i s s h i f t e d to h i g h e r f i e l d . 
The spectrum i s c o m p a t i b l e w i t h s t r u c t u r e 11 
f o r Mephe-RC I . 
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a n a l y s i s of t h e i s o l a t e d pigments. I t can be l i m i t e d by the 
i n s t a b i l i t y of t h e pigments, but i s always n e c e s s a r y i f the 
m o l e c u l e c a n n o t be m o d i f i e d w i t h o u t e x t e n s i v e and 
p o t e n t i a l l y unknown s t r u c t u r a l changes ( s e e B e h l b as an 
example ( l O ) . The second i s the c o n t r o l e d c o n v e r s i o n to 
d e r i v a t i v e s l i k e the methylpheophorbides w h i c h a r e more 
s t a b l e and t h u s amenable to a b r o a d e r v a r i e t y of a n a l y t i c a l 
t e c h n i q u e s , and w h i c h a l s o p r o v i d e s a l r e a d y a means of 
c h e m i c a l s t r u c t u r e r e l a t i o n s ( s e e e.g. the i d e n t i f i c a t i o n 
o f p y r o p h e o p h e t i n as a d e g r a d a t i o n p r o d u c t ( l l ) or of 
" d i v y n i l " C h i a as a b i o s y n t h e t i c p r e c u r s o r (l2), NMR 
s p e c t r o s c o p y c a n u s u a l l y be performed w i t h b o t h the 
genuine pigments and t h e i r d e r i v a t i v e s . I t g i v e s a w e a l t h 
o f i n f o r m a t i o n and i s i n t e r p r e t e d i n a s t r a i g h t f o r w a r d 
f a s h i o n due to t h e i n h e r e n t magnetic p r o p e r t i e s of the 
t e t r a p y r r o l e m a c r o c y l e (13)· The l a t t e r s e r v e s as a b u i l t -
i n s h i f t r e a g e n t w h i c h s p r e a d s the p r o t o n NMR s p e c t r u m o v e r 
a range from 6 =-6 to 12 ppm. The o n l y major s o u r c e of 
e r r o r i s the pronounced s o l v e n t and c o n c e n t r a t i o n de­
pendence, w h i c h i s r e l a t e d to the f a c i l e a g g r e g a t i o n of 
t h e s e p i g m e n t s . The second key method, mass s p e c t r o s c o p y , 
has been w i d e l y u s e d f o r the d e m e t a l a t e d pigments (l4) 
but n o t been s u i t a b l e f o r the c h l o r o p h y l l s p r o p e r , v i z . 
magnesium complexes of pheophorbides. The l a t t e r cannot 
be a n a l y z e d by c o n v e n t i o n a l mass s p e c t r o s c o p y w i t h e l e c t r o n 
impact i o n i z a t i o n . S e v e r a l d i f f e r e n t i o n i z a t i o n t e c h n i q u e s 
have now been a p p l i e d s u c c e s s f u l l y to c i r c u m v e n t t h i s 
problem. BRERETON e t a l . (l5) have u s e d the " i n beam" 
i o n i z a t i o n t e c h n i q u e to d etermine the s t r u c t u r e of the 
a l l o m e r i z a t i o n p r o d u c t 2. °f b a c t e r i o c h l o r o p h y l l j i ( f i ) . 
ΚΑΤΖ and o t h e r s ( l 5 , l 6 ) a p p l i e d f i e l d and 252 C f p i a s m a 
d e s o r p t i o n a s w e l l as f a s t atom bombardment to a v a r i e t y 
o f the " c o n v e n t i o n a l " c h l o r o p h y l l s . 
The l a t t e r mass s p e c t r o s c o p i c t e c h n i q u e has a l s o been 
a p p l i e d to one o f the new c h l o r o p h y l l s , e.g. C h l - R C I (17)· 
T h i s pigment o c c u r s o n l y i n t r a c e amounts i n organisms 
c a p a b l e of o x y g e n i c p h o t o s y n t h e s i s , where i t has been 
q u a n t i t a t i v e l y r e l a t e d to the c o n t e n t s of P700, the 
r e a c t i o n c e n t e r o f photosystem l ( PS i ) (17)· The l a t t e r 
i s g e n e r a l l y b e l i e v e d to c o n t a i n the "normal" c h l o r o p h y l l 
ja(2) i n a s p e c i a l environment and/or a g g r e g a t i o n s t a t e ( s e e 
s e c t i o n C d ) . The s u g g e s t i o n t h a t the r e d s h i f t and o t h e r 
changed p r o p e r t i e s o f P700 may be due to a m o d i f i e d mole­
c u l a r s t r u c t u r e ( v i z . C h l - R C I , i s t h e r e f o r e of c o n s i d e r ­
a b l e i n t e r e s t . 
A l t h o u g h the s t r u c t u r e of Chl-RC I i s a t p r e s e n t not y e t 
f u l l y e l u c i d a t e d , the known d a t a a r e i n c l u d e d here as an 
example f o r t h e g e n e r a l approach to new s t r u c t u r e s i n the 
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c h l o r o p h y l l s w h i c h a r e a c c e s s i b l e o n l y i n s m a l l q u a n t i t i e s , 
DOERNEMANN and SENGER ( l 7 ) , who f i r s t d e s c r i b e d and i s o ­
l a t e d the compound from a Scenedesmus mutant e n r i c h e d i n 
PS I , used the f i r s t a f o r e mentioned approach and s t u d i e d 
the pigment p r o p e r . They o b t a i n e d a s a t i s f a c t o r y 252Cf 
plasma d e s o r p t i o n mass spectrum, w h i c h gave a m o l e c u l a r 
i o n w h i c h i s 35 mass u n i t s h i g h e r than t h a t of C h i j i 
( 9 ) . They a l s o o b t a i n e d NMR e v i d e n c e , t h a t the C-20 
methine p r o t o n i s m i s s i n g . With a sample p r o v i d e d to us 
by the a u t h o r s , we c o u l d show t h a t the r e d - s h i f t ( a s 
compared to the r e s p e c t i v e d e r i v a t i v e s of <)) i s main­
t a i n e d when Chl-RC I i s d e m e t a l a t e d to i t s p h e o p h y t i n and 
t r a n s e s t e r i f i e d to t h e methylpheophorbide, Mephe-RC I . 
The u v - v i s - n i r a b s o r p t i o n of the l a t t e r i s f u r t h e r m o r e 
c h a r a c t e r i s t i c of a pigment s i m i l a r to methypheophorbide 
a (l0\ but c a r r y i n g a s u b s t i t u e n t o t h e r than a hydrogen 
atom a t C-20. T h i s i n t e r p r e t a t i o n was a l s o s u p p o r t e d by t h e 
CD spectrum. I t showed an i n c r e a s e d r a t i o of the e l l i p t i -
c i t i e s of the r e d and the n e a r - u v ("SORET) band, w h i c h 
i s c h a r a c t e r i s t i c f o r s t e r i c h i n d r a n c e due to s u b s t i t u t i o n 
a t methine p o s i t i o n ( s ) . The c o n v e r t i b i l i t y o f CH1-RC I 
to i t s methylpheophorbide w i t h o u t an a p p a r e n t l o s s o f the 
i m p o r t a n t s t r u c t u r a l v a r i a t i o n s was t h e n used by us to 
o b t a i n l a r g e r (^ 100 /ug) amounts of m e t h y l p h e o p h o r b i d e -
RC I from a d i f f e r e n t organism. The b l u e - g r e e n a l g a , 
S p i r u l i n a g e i t l e r i i s a v a i l a b l e c o m m e r c i a l l y as a s p r a y -
d r i e d powder ( B e h r , Bonn, FRG). The m a t e r i a l i s e x t r a c t e d 
e x h a u s t i v e l y w i t h methanol, and the crude e x t r a c t c o n ­
t a i n i n g m o s t l y C h i a i s i m m e d i a t e l y d e m e t a l a t e d . The 
r e s u l t i n g p h e o p h y t i n m i x t u r e i s chromatographed on s i l i c a 
and t r a n s e s t e r i f i e d to the methylpheophorbides. F u r t h e r 
r e p e a t e d chromatography o f the l a t t e r on s i l i c a , and 
f i n a l l y HPLC on a r e v e r s e phase a d s o r b e n t y i e l d e d t he 
pure Mephe-RC I . The 500 MHz p r o t o n NMR spectrum ( f i g . 3 ) 
was a g a i n o b t a i n e d a t the BRUKER f a c i l i t i e s . I t f u l l y 
s u p p o r t e d the s u b s t i t u t i o n of C-20, and showed o t h e r w i s e 
a l l s i g n a l s p r e s e n t i n Mephe a ( l 0 ) . V a r i a t i o n s o f t h e 
c h e m i c a l s h i f t can be a c c o u nted f o r by the low c o n c e n ­
t r a t i o n of the former, w i t h the p o s s i b l e e x c e p t i o n o f t h e 
r a t h e r l a r g e s h i f t o f the 13 2-H s i g n a l . The " c o n v e n t i o n a l " 
e l e c t r o n impact mass spectrum g i v e s a m o l e c u l a r i o n w h i c h 
i s 50 mass u n i t s h i g h e r than t h a t of 1^0 and shows an 
u n u s a l l y i n t e n s e (M + 2) i o n , w h i c h may r e l a t e to the 
p r e s e n c e of C I . Taken t o g e t h e r w i t h c h e m i c a l and chromato­
g r a p h i c e v i d e n c e n o t d i s c u s s e d h e r e , t h e s e r e s u l t s a r e 
c o m p a t i b l e ( b u t n o t p r o o f y e t ) of the 13 - o x y - 2 0 - c h l o r o -
s t r u c t u r e 1± f o r Mephe-RC I . R e c e n t f i e l d d e s o r p t i o n d a t a 
s u p p o r t t h i s s t r u c t u r e . 
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Radioactive l a b e l i n g Ϊ9 the most s e n s i t i v e method to st u d y 
m e t a b o l i c pathways, b u t i t has s e v e r a l s h o r t c o m i n g s v h i c h 
can be overcome by heavy l a b e l i n g w i t h s t a b l e i s o t o p s . The 
l a t t e r a r e d e t e c t e d by e i t h e r mass or NMR s p e c t r o s c o p y . A 
p a r t i c u l a r advantage i s the e a s y d i s t i n c t i o n of double 
l a b e l i n g w i t h i n a s u b s e t of m o l e c u l e s from a s t a t i s t i c a l 
d i s t r i b u t i o n a t two or more s i t e s . BROWN e t a l . have used 
0 l a b e l i n g i n c o n j u n c t i o n w i t h m a s s p e c t r o s c o p y to e s t a b ­
l i s h a t w o f o l d o x y g e n a t i o n w i t h 0^ d u r i n g b i l e pigment form­
a t i o n from heme i n r e d a l g a e . S p i n - s p i n c o u p l i n g i n NMR g i v e s 
even a more d e t a i l e d h i s t o r y on the b i o s y n t h e t i c pathway,as 
demonstrated e l e g a n t l y f o r the sequence of r e a c t i o n s i n v o l v e d 
i n the c y c l i s a t i o n of f o u r p o r p h o b i l i n g e n s to u r o p o r p h y r i n 
C l a b e l i n g i n c o n j u n c t i o n w i t h NMR has r e c e n t l y a l s o been 
a p p l i e d to p l a n t s , where i t p r o v i d e d c o n c l u s i v e e v i d e n c e f o r 
t h e predominance of the s o - c a l l e d C_-pathway f o r c h l o r o p h y l l 
f o r m a t i o n i n maize (21 b , c ) . The key i n t e r m e d i a t e &-amino-
l e v u l i n a t e ( A l a ) i s formed i n t h i s pathway from Cj. compounds 
l i k e g l utamate o r k e t o g l u t a r a t e , r a t h e r tban from s u c c i n a t e 
and g l y c i n e . With the C-NMR spe c t r u m o f c h l o r o p h y l l a f u l l y 
a s s i g n e d , the l a b l e i n any of the 35 C-atoms o f t h e macro-
c y c l e can be q u a n t i t a t e d i n a s i n g l e e x p e r i m e n t . The 
Je c h n i q u e r e q u i r e s , however, a s u b s t a n t i a l i n c o r p o r a t i o n of 
above the 1.1% l e v e l of n a t u r a l abundance. S i n c e the 
upt a k e of o r g a n i c s u b s t r a t e s by p l a n t s i s low, and t h e i r 
m e t a b o l i s m more complex than t h a t o f a n i m a l s , i t may lj>| 
d i f f i c u l t to a t t a i n s u c h i n c o r p o r a t i o n e c o n o m i c a l l y , C 
i n c o r p o r a t i o n can t h e n be used to t e s t the f e a s i b i l i t y of the 
exp e r i m e n t . PORRA e t a l . i n c o r p o r a t e d a f t e r s u c h t e s t s 15oo 
e x c i s e d y r i m a r y l e a v e s o f maize s e e d l i n g s w i t h s e l e c t i v e l y 
l a b e l e d C -glutamate. The c o n t r i b u t i o n of the C -pathway to 
the c h l o r o p h y l l b i o s y n t h e s i s i n maize i s from t h e s e e x p e r i ­
ments $95%f and s i m i l a r d a t a a r e o b t a i n e d for«bea ns by 
OHAM^ , e t a l . The o n l y p o s i t i o n l a b e l e d by 2- C g l y c i n e i s 
C-13 9 the m e t h y l e s t e r group a t the i s o c y c l i c r i n g . F e e d i n g 
w i t h 1 - C glutamate y i e l e d a l a b e l i n a l l ^ e i g h t p o s i t i o n s 
o r i g i n a t i n g from C-5 of A l a , and f e e d i n g 5 - C-glutamate b r i n g s 
the l a b l e l to the two e s t e r group c~13 
L a b e l i n g i n some o t h e r p o s i t i o n s can fu r t h e r m o r e ^ b e a c c o u n t e d 
f o r _ q u a n t i t a t i v e l y by a p a r t i a l c o n v e r s i o n of 5 - C to 
1 - C-glutamate v i a the c i t r i c a c i d c y c l e . 
I (21a 
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F i g . 3 A: P r o t o n - c o u p l e d C-NMR s p e c t r a from 90 ppm to 
180 ppm of C h l o r o p h y l l a produced by i l l u m i n a t i o n of 
e x c i s e d e t i o l a t e d maize l e a v e s i n the p r e s e n c e of 5 - C 
glutamate ( a ) . l - 1 3 c glutamate (ß) and 2 - 1 3 c g l y c i n e ( c ) . 
Spectrum D i s the n a t u r a l - a b u n d a n c e -^C-NMR s p e c t r u m o f 
c h l o r o p h y l l a. The v e r t i c a l axes of s p e c t r a A. C and D 
ar e expanded t w o f o l d r e l a t i v e to t h a t o f s p e c t r u m B. From 
PORRA e t a l . ( 2 1 b ) . 
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The f u n c t i o n s of t e t r a p y r r o l e s can o n l y p a r t l y be u n t e r -
stood on t h e b a s i s o f t h e i r m o l e c u l a r s t r u c t u r e . The 
p r o p e r t i e s o f e.g. the b i l i p r o t e i n s a r e q u i t e d i f f e r e n t 
( a b s o r p t i o n , f l u o r e s c e n c e ) from what might be e x p e c t e d 
from the s t r u c t u r e s o f the chromophores. A l s o , a p a r t i c u l a r 
pigment e.g. C h i £i s e r v e s o f t e n r a t h e r d i f f e r e n t f u n c t i o n s 
( l i g h t h a r v e s t i n g , e l e c t r o n donor, e l e c t r o n a c c e p t o r ) i n 
d i f f e r e n t e n v i r o n m e n t s . These changes a r e brought about 
by c h r o m o p h o r e - p r o t e i n and chromophore-chromophore i n t e r -
a c t i o n s . To u n t e r s t a n d the f u n c t i o n of t e t r a p y r r o l e s , t h e i r 
s t r u c t u r e has t h u s to be known i n a more g e n e r a l s e n s e 
w h i c h encompasses t h e s e i n t e r a c t i o n s . These i n v e s t i g a t i o n s 
a r e g e n e r a l l y most e f f e c t i v e by the c o m b i n a t i o n of b i o -
c h e m i c a l and s p e c t r o s c o p i c t e c h n i q u e s . The former a l l o w a 
s t u d y of the p h o t o s y n t h e t i c a p p a r a t u s by t o p o l o g i c a l s t u -
d i e s and the i s o l a t i o n of f u n c t i o n a l s u b u n i t s . S p e c t r o s -
c o p i c t e c h n i q u e s s e r v e as a c o n t r o l to e n s u r e t h a t t h e s e 
s u b u n i t s have r e t a i n e d t h e i r p r o p e r t i e s , and as a means f o r 
t h e i r s t r u c t u r e a n a l y s i s i n the a f o r e m e n t i o n e d g e n e r a l 
s e n s e . N e i t h e r one o f the two s t a n d a r d methods f o r the 
a n a l y s i s o f m o l e c u l a r s t r u c t u r e s i s c u r r e n t l y a p p l i c a b l e 
to complex s y s t e m s l i k e t e t r a p y r r o l e - p r o t e i n complexes, 
whole o r g a n e l l e s o r o r g a n i s m s , or j u s t l a r g e r a g g r e g a t e s . 
P r o t o n NMR c a n g e n e r a l l y n o t cope w i t h the l i n e b r o a d e n i n g 
caused by t h e comparably s l o w tumbling of t h e s e s y s t e m s , 
and mass s p e c t r o s c o p y f a i l s f o r the d i f f i c u l t i e s i n v o l v e d 
i n the i o n i s a t i o n p r o c e s s . F u r t h e r m o r e a r e b o t h methods 
p r i n c i p a l l y d i f f i c u l t to a p p l y to m i x t u r e s . The need f o r 
b o t h s e l e c t i v i t y and s e n s i t i v i t y f a v o r s a p p l i c a t i o n s of 
two- or more d i m e n s i o n a l methods, of w h i c h o n l y t h r e e 
s h a l l be d i s c u s s e d h e r e . The f i r s t i s f l u o r e s c e n c e s p e c -
t r o s c o p y , w h i c h p e r m i t s among o t h e r s the a n a l y s i s o f 
complex m i x t u r e s and of energy t r a n s f e r . The second i s 
RAMAN r e s o n a n c e s p e c t r o s c o p y ( R R ) , w h i c h adds.a second 
dimension to t h e c o n v e n t i o n a l a b s o r p t i o n s p e c t r o s c o p y , 
and w h i c h i s f u r t h e r m o r e a c c e s s i b l e to r a t h e r p r e c i s e 
computer m o d e l i n g . The t h i r d of the s e l e c t e d methods i s 
ENDOR and r e l a t e d magnetic double r e s o n a n c e t e c h n i q u e s , 
w h i c h a r e s e l e c t i v e f o r p a r a m a g n e t i c s p e c i e s , and a l s o 
w e l l s u i t e d f o r t h e o r e t i c a l a n a l y s i s . 
C a : BIOSYNTHETIC STUDIES USING FLUORESCENCE SPECTROSCOPY 
F l u o r e s c e n c e i s , w i t h i n the l i m i t s of p h o t o s t a b i l i t y of 
the i n v e s t i g a t e d s t r u c t u r e s , a n o n - i n v a s i v e t e c h n i q u e and 
thus a p p l i c a b l e t o complex s y s t e m s . By r e c o r d i n g the 
e x c i t a t i o n s p e c t r a f o r a number of e x c i t a t i o n w a v e l e n g t h s 
( o r v i c e v e r s a ) , i t i s p o s s i b l e to o b t a i n a minimum s e t of 
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F i g . 4t: B r a n c h e d p a t h w a y f o r t h e bioesynthe^i«? o f 
C h i ει a n d hornologueet, a«? Q U g g e o t e d b y RE B E I Z 
e t a l . ( r e f . 1 0 ) . T h e c l a c c i c a l p a t h w a y i«* t h e 
•second one f r o m t h e r i g h t . T h e s t r u c t u r e o f 
d i v i n y l - C h l o r o p h y l l a. ( 1 2 , b o x e d ) ha« b e e n c o n ­
f i r m e d b y NMR, MS a n d c f i e m i c a l c o r r e l a t i o n 
( 1 2 , 2 2 ) . 
From R E B E I Z ( r e f . 2 0 ) . 
= p h y t y l 
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components c o n t r i b u t i n g to the f l u o r e s c e n c e . The e x c i t a t i o n 
s p e c t r a a r e f u r t h e r m o r e s i m i l a r to the a b s o r p t i o n s p e c t r a 
o f the i n d i v i d u a l components, i f no energy t r a n s f e r among 
t h e pigments ( s e c t i o n C.b.) or o t h e r n o n l i n e a r e f f e c t s t a k e 
p l a c e . The two major l i m i t a t i o n s a r e the n e c e s s i t y o f 
s u f f i c i e n t f l u o r e s c e n c e , w h i c h has been improved e.g. by 
photon c o u n t i n g , b u t a l s o t he d i f f i c u l t y to e s t a b l i s h 
a f u l l s t r u c t u r e from the a b s o r p t i o n s p e ctrum a l o n e . 
The m e t a b o l i s m o f c h l o r o p h y l l s has long been known to 
i n v o l v e a number of c y c l i c t e t r a p y r r o l e s w h i c h a r e f l u o r e -
c e n t ( l 9 ) . R E B E I Z and coworkers ( 2 0 ) have e x p l o i t e d the 
f l u o r e s c e n c e a n a l y s i s of g r e e n i n g t i s s u e to o b t a i n more 
d e t a i l s on t h e b i o s y n t h e t i c pathway. I n a d d i t i o n to the 
p r e v i o u s l y known c h l o r o p h y l l s and t h e i r m e t a b o l i t e s t h e y 
were a b l e t o c h a r a c t e r i z e b o t h i i i v i v o and i n e x t r a c t s a 
v a r i e t y o f pigments w i t h s h i f t e d a b s o r p t i o n f l u o r e s c e n c e 
s p e c t r a . From a c a r e f u l comparison of the e x c i t a t i o n s p e c t r a 
w i t h the a b s o r p t i o n s p e c t r a of known pigments, t h e y s u g g e s t e d 
i n p a r t i c u l a r a b r a n c h e d pathway l e a d i n g to c h l o r o p h y l l s 
w h i c h c a r r y n o t o n l y the common v i n y l group a t C - 3 , h u t 
have a l s o s t i l l k e p t the second one a t C -8 a l l the way from 
p r o t o p o r p h y r i n I X ( f i g . 4 ) . The major argument f o r t h e s e 
s t r u c t u r e s was, t h a t t h e i r e x c i t a t i o n s p e c t r a showed l i k e 
s e m i s y n t h e t i c 3 t 8 - d i v i n y l - p i g m e n t s , a c o n s i d e r a b l y ( ~lOnm) 
r e d - s h i f t e d SORET-, bu t o n l y m i n i m a l l y s h i f t e d ( 2 - 3 nm) 
l o n g w a v e l e n g t h band. T h i s proposed s t r u c t u r a l p r i n c i p l e 
has now been p r o v e d f o r a t l e a s t few o f t h e s e pigmentsby 
th e more i n f o r m a t i v e methods d e s c r i b e d i n s e c t i o n Β. BAZZAZ 
e t a l . (21) have i s o l a t e d 8 - d e e t h y l - 8 - v i n y l - c h l o r o p h y l l £i 
Xl2"J""from a mutant a c c u m u l a t i n g l a r g e amounts of t h i s 
pigment, and e s t a b l i s h e d i t s s t r u c t u r e by NMR and mass 
s p e c t r o s c o p y , and REBEIZ e t a l • ( 2 2 ) have f u r t h e r m o r e p e r ­
formed c h e m i c a l c o r r e l a t i o n s w i t h t h i s and o t h e r r e l a t e d 
p igments. 
I t i s n o n e t h e l e s s d e s i r a b l e to i n c r e a s e the i n f o r m a t i o n 
c o n t e n t of t h e i i i s i t u f l u o r e s c e n c e a n a l y s i s , b e c a u s e the 
n e c e s s a r y r e f e r e n c e m a t e r i a l may not a l w a y s be a t hand. One 
s u c h p o s s i b i l i t y i s i t s e x t e n s i o n i n the form of f l u o r e s ­
c e n c e d e t e c t e d magnetic r e s o n a n c e (FDMR). WOLF e t a l . , and 
o t h e r s ( 2 3 ) have r e c e n t l y a p p l i e d t h i s t e c h n i q u e to s t u d y , 
t h e pigments i n p h o t o s y n t h e t i c b a c t e r i a . The b i o s y n t h e t i c 
pathway o f b a c t e r i o c h l o r o p h y l l £i has been known i n many 
d e t a i l s from s t u d i e s w i t h mutants ( 1 9 ) . The c o n v e n t i o n a l 
f l u o r e s c e n c e a n a l y s i s of Rhodopseudomonas s p h e r o i d e s and 
o t h e r p h o t o s y n t h e t i c b a c t e r i a made now most of t h e s e p i g ­
ments v i s i b l e i n whole c e l l s , and i n d i c a t e d t h a t some 
a d d i t i o n a l ones a r e p r e s e n t . I n FDMR, the f l u o r e s c e n c e a t 
a s e l e c t e d p a i r of e x c i t a t i o n / e m i s s i o n w a v e l e n g t h s i s 
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F i g . 5*· M o d e l e f o r t h e R h o d e l l a v i o l a c e a 
P h y c o b i l i c o m e s t r u c t u r e ( a , f r o m r e f « * . 2 4 c ) 
a n d e n e r g y t r a n s f e r s cheme ( b , f r o m r e f « . 3 ) . 
T h e o u t e r " p l a t e * " (Λ max= 5 0 0 - 5 7 0 nm, l i g h t ) 
i n ( a ) c o n t a i n B-PE, t h e i n t e r m e d i a t e one*? 
( d a r k i n ( a ) , Λ max= 5 9 0 - 6 4 0 nm) c o n t a i n C-PC, 
a n d t h e i n n e r c o r e ( g r a y i n ( a ) , A max= 6 5 0 -
67Ο nm) c o n t a i n * ? APC. 
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monitored w h i l e a microwave f i e l d i s swept, w h i c h g i v e s t h e 
z e r o - f i e l d s p l i t t i n g p a r a m e t e r s of the pigments i n t h e i r 
t r i p l e t s t a t e s . When a p p l i e d to the b a c t e r i a , t h e s e p a r a -
meters c o u l d be o b t a i n e d f o r most o f the pigments p r e v i -
o u s l y i d e n t i f i e d by f l u o r e s c e n c e a l o n e , and t h e y agreed 
w e l l w i t h t h e e x p e c t e d v a l u e s . The f u l l p o t e n t i a l of t h i s 
t e c h n i q u e i s p r o b a b l y n o t y e t e x p l o i t e d . F i r s t examples 
have demonstrated i t s use where u n u s u a l z e r o - f i e l d 
s p l i t t i n g s c a n be ex p e c t e d . T h i s does n o t o n l y i n c l u d e 
c h l o r o p h y l l s complexes w i t h u n u s u a l m e t a l s and b i o s y n t h e t i c 
p r e c u r s o r s o f the l e s s e r i n v e s t i g a t e d ( b a c t e r i o ) c h l o r o -
p h y l l s , b u t a l s o p e r t u r b a t i o n s due to the p a r t i c u l a r e n v i r -
onment of a g i v e n pigment, v i z . to the s t u d y o f pigment-
p r o t e i n and pigment-pigment i n t e r a c t i o n s . ( 2 3 a, b d) 
C.b.: ENERGY TRANSFER STUDIES USING FLUORESCENCE SPECTROS-
COPY 
Another i m p o r t a n t a p p l i c a t i o n of f l u o r e s c e n c e s p e c t r o s c o p y 
has been t h e i n v e s t i g a t i o n of energy t r a n s f e r p r o c e s s e s . 
The m a j o r i t y o f p l a n t t e t r a p y r r o l e s i s i n v o l v e d i n the 
l i g h t c o l l e c t i o n p r o c e s s o f p h o t o s y n t h e s i s . They a r e bound 
to p r o t e i n s and a r r a n g e d i n l a r g e l i g h t h a r v e s t i n g a r r a y s . 
L i g h t energy c a p t u r e d by one of the chromophores i s 
e f f i c i e n t l y t r a n s f e r r e d t o n e i g h b o r i n g ones and by 
r e p e t i t i o n e v e n t u a l l y m i g r a t e s to the r e a c t i o n c e n t e r ( s ) , 
i n w h i c h t h e c o n v e r s i o n to redox energy t a k e s p l a c e . S e v e r -
a l s u c h a n t e n n a systems have been s t u d i e d , b u t p r o b a b l y none 
of them i n s u c h d e t a i l as the p h y c o b i l i s o m e s . These a r e 
e l e c t r o n m i c r o s c o p i c a l l y v i s i b l e a g g r e g a t e s c o n s i s t i n g 
m a i n l y of b i l i p r o t e i n s , w h i c h a r e a t t a c h e d to t h e o u t e r 
s u r f a c e of t h e p h o t o s y n t h e t i c membranes of b l u e - g r e e n and 
r e d a l g a e . T h e i r p a r t i c i p a t i o n i n the l i g h t h a r v e s t i n g p r o -
c e s s to p h o t o s y s t e m I I had been i n f e r r e d from the c l a s s i c a l 
b i o c h r o m a t i c e x p e r i m e n t s of EMERSON and co w o r k e r s , and 
d e t a i l e d s t u d i e s became p o s s i b l e w i t h t h e s u c c e s s f u l 
i s o l a t i o n o f e n t i r e p h y c o b i l i s o m e s and t h e i r more or l e s s 
d i s s o c i a t e d components ( 2 4 ) . P h y c o b i l i s o m e s c o n t a i n a t 
l e a s t two, g e n e r a l l y t h r e e c h r o m o p r o t e i n s b e a r i n g b i l e 
pigment chromophores. These a r e the gr e e n a l l o p h y c o c y a n i n s 
( A P C ) , the b l u e p h v c o c y a n i n s (PC) and - o p t i o n a l l y - the r e d 
p h y c o e r y t h r i n s ( P E ) ( s e e f i g . 5 f o r the s p e c t r a l d a t a ) . 
A l l p h y c o b i l i p r o t e i n s a r e h i g h l y f l u o r e s c e n t . F l u o r e s c e n c e 
s t u d i e s of i n t a c t p h y c o b i l i s o m e s had shown, however, t h a t 
o n l y the minor ( g e n e r a l l y 5 %) and red-most a b s o r b i n g APC 
i s r e s p o n s i b l e f o r the f l u o r e s c e n c e , i r r e s p e c t i v e of PE« 
PC or APC b e i n g the a b s o r b e r . The energy i s thu s t r a n s -
p o r t e d w i t h h i g h e f f i c i e n c y from the h i g h e r e n e r g e t i c (PC, 
PE ) to the l o w e r e n e r g e t i c component (APC). T h i s t r a n s f e r 
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ALPHA: \AU 1 · SCW ps ( 0 . « ) TAU 2 - 1067 PS 
T I M E ( P s ) 
0 MO 1000 1500 7000 2SO0 
71* / PS 
F i g . 6 : F l u o r e s c e n c e d e c a y c u r v e * ( p o i n t * ) a n d be«t f i t 
( M a r q u a r d t a l g o r i t h m ) f o r a b i e x p o n e n t i a l 
d e c a y ( * o l i d l i n e * ) . T h e maximum a m p l i t u d e * 
a n d t h e t i m e c o n s t a n t * a r e g i v e n i n t h e i n * e t * . 
( a ) o<-and ^ - * u b u n i t * o f PC f r o m M a * t i g o c l a d u * 
l a m i n o c t u * . ( b ) T h e came p i g m e n t * i n i t * t r i -
m e r i c * t a t e , ^ ) a n d i n i t * m o n o m e r i c * t a t e 
(o< , Ä ) i n d u c e d b y d i * * o c i a t i o n o f t h e t r i m e r 
w i x h KSCN. ( d ) P h y c o b i l i e o m e * f r o m M a * t i g o -
c l a d u * l a m i n o * u * ( r i g h t ) a n d w h o l e c e l l * 
( l e f t ) . F i g * . ( a ) a n d ( b ) g i v e o n l y t h e a n i s o -
t r o p i c component o f t h e f l u o r e c c e n c e ^ E x c i -
t a t i g n a t 580 nm, p u l * e i n t e n * i t y 10 p h o t o n * 
.cm"" , r e p e t i t i o n r a t e 80 MHz. 
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i s uncoupled a f t e r t h e d i s s o c i a t i o n of the p h y c o b i l i s o m e s , 
a p r o c e s s w h i c h c a n be m o n i t o r e d by the g r a d u a l i n c r e a s e 
of the f l u o r e s c e n c e o f t h e fragments. The b i o c h e m i c a l and 
f l u o r e s c e n c e a n a l y s i s of t h e fragments y i e l d e d a model 
i n which t h e morphology of t h e pigments as w e l l as t h e i r 
a b s o r p t i o n s and e m i s s i o n s a r e o p t i m i z e d f o r an e f f i c i e n t 
energy t r a n s f e r ( f i g . 5 ) . Most i f not a l l of the chromo-
phores a r e w e a k l y c o u p l e d and the energy i s t r a n s f e r e d 
by a Förster type p r o c e s s , w h i c h i s a l s o s u p p o r t e d by 
c i r c u l a r d i c h r o i s m o f the i s o l a t e d pigments ( 2 5 ) . 
Whereas t h i s s t a t i c a n a l y s i s i s w e l l s u i t e d to s t u d y the 
energy t r a n s f e r between chromophores w i t h w e l l s e p a r a t e d 
a b s o r p t i o n s , the i n d i v i d u a l t r a n s f e r s t e p s between 
n e i g h b o r i n g and more a l i k e chromophores r e q u i r e d more 
s o p h i s t i c a t e d methods. F l u o r e s c e n c e d e p o l a r i z a t i o n r e v e a l e d 
a f u r t h e r s u b d i v i s i o n o f t h e chromophores ( 2 6 ) . Even i n 
pigments l i k e PC and many o f the PE*s b e a r i n g up to s i x 
chromophores of t h e same m o l e c u l a r s t r u c t u r e , i s the 
a b s o r p t i o n (and f l u o r e s c e n c e ) of the i n d i v i d u a l chromo-
phores f i n e - t u n e d f o r an e f f i c i e n t energy t r a n s f e r . The 
t h r e e chromophores o f C-PC a b s o r b , f o r example, around 
590, 610 and 620 nm, w h i c h a l l o w s a graded energy t r a n s -
f e r even on t h i s l e v e l . The s t a t i c f l u o r e s c e n c e e x p e r i m e n t s 
have been complemented by t i m e - r e s o l v e d s t u d i e s . PORTER 
e t a l ( 2 7 ) m o n i t o r e d t h e s m a l l amount of l e a k a g e 
f l u o r e s c e n c e e m i t t e d by PE, PC, and APC i n i n t a c t a l g a e . 
A f t e r e x c i t a t i o n w i t h g r e e n l i g h t a bsorbed m o s t l y by PE, 
the PE f l u o r e s c e n c e r i s e s f i r s t , f o l l o w e d by the f l u o r e s -
cence from PC and f i n a l l y from APC. E x c i t a t i o n w i t h l a s e r 
p u l s e s of v a r y i n g photon f l u e n c e has a l s o been used to 
s t u d y the m i g r a t i o n o f e x c i t a t i o n energy v i a s i n g l e t -
s i n g l e t a n n i h i l a t i o n , w h i c h g i v e s i n f o r m a t i o n on the 
number of c o u p l e d chromophores ( 2 8 ) . I t c o u l d e.g. be 
shown, t h a t b a c t e r i a ^ a n t e n n a p r e p a r a t i o n s w i t h d i f f e r e n t 
d e t e r g e n t s may have r a t h e r d i f f e r e n t numbers of c o u p l e d 
chromophores, i n s p i t e o f t h e i r i d e n t i c a l a b s o r p t i o n s 
(28 b ) . These s t u d i e s showed on the o t h e r hand, t h a t 
r a t h e r low f l u e n c e r a t e s a r e r e q u i r e d to p r e v e n t i n t e r -
f e r e n c e from the l a t t e r p r o c e s s on the f l u o r e s c e n c e decay 
r a t e s o b t a i n e d by p i c o s e c o n d t i m e - r e s o l v e d s p e c t r o s c o p y 
( s e e r e f . 29 f o r a c r i t i c a l d i s c u s s i o n ) . 
P i c o s e c o n d t i m e - r e s o l v e d s p e c t r o s c o p y has now been a p p l i e d 
by s e v e r a l groups t o i n v e s t i g a t e the energy t r a n s f e r b o t h 
i n i n t a c t p h y c o b i l i s o m e s and t h e i r componenents. ( 4 1 , 4 3 ) . 
The i s r a t h e r complex . E a c h one of the a p p l i e d methods of 
measurement and d a t a h a n d l i n g has c e r t a i n advantages and 
s h o r t c o m i n g s , w h i c h a r e c o m p l i c a t e d by p r e p a r a t i v e problems. 
A c o n s i s t e n t and d e t a i l e d model can t h u s n o t y e t be g i v e n and 
w i l l r e q u i r e c o n s i d e r a b l y more d a t a . 
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T a b l e 2 : F l u o r e s c e n c e d e c a y ( i n p s e c ) o f p h y c o c y a n i n 
f r o m S p i r u l i n a p l a t e n s i s 
T r i m e r Monomer 
Τ (°C) T 2 (94) ^ (%) \ (%) Vx (54) 
Ü 
"g- 1 8 . 6 1 3 0 0 ( 4 7 ) 3 2 0 ( 5 3 ) 2 2 0 0 ( 5 1 ) 3 0 0 ( 4 9 ) 
£ 3 9 . 2 1 5 0 0 ( 4 9 ) 2 7 0 ( 5 1 ) 2 2 0 0 ( 5 4 ) 2 9 0 ( 46 ) 
κ 5 1 . 8 l 6 0 0 ( 3 6 ) 2 6 0 ( 64 ) 3 2 0 0 ( 5 1 ) 4 0 0 ( 4 9 ) 
Ί 1 8 . 6 
ν 3 9 . 2 
ο 
5 5 1 . 8 3 5 0 ( 5 ζ Ο 
7 0 ( 1 0 0 ) 
7 0 ( 1 0 0 ) 
7 0 ( 46 ) 
1 0 5 0 ( 3 7 ) 
1 0 0 0 ( 3 8 ) 
3 5 0 0 ( 4 7 ) 
1 5 0 ( 6 3 ) 
2 5 0 ( 6 2 ) 
3 8 0 ( 5 3 ) 
T h e i e o t r o p i c d e c a y c u r v e s a r e c a l c u l a t e d f r o m I„ + 2 1 , , 
t h e a n i s o t r o p i c o n e s f r o m I f l - I,· I n a d i f f e r e n t s e t o f 
e x p e r i m e n t s w i t h C-PC f r o m M a s t i g o c l a d u g laminosus» t h e 
c a l c u l a t e d i s o t r o p i c d e c a y c u r v e h a s b e e n shown t o a g r e e 
s a t i s f a c t o r i l y w i t h t h e e x p e r i m e n t a l c u r v e o b t a i n e d w i t h 
t h e e m i s s i o n p o l a r i z e r a d j u s t e d t o 55 · 
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We have r e c e n t l y s t a r t e d a s y s t e m a t i c i n v e s t i g a t i o n of 
i s o l a t e d p h y c o b i l i p r o t e i n s and t h e i r a g g r e g a t e s by t i m e -
r e s o l v e d f l u o r e s c e n c e d e p o l a r i z a t i o n . These s t u d i e s use a 
r e p e t i t i v e s t r e a k camera f o r the d e t e c t i o n ,which a l l o w s f o r 
reduced photon f l u e n c e i n the i n d i v i d u a l p u l s e s . I n a s t u d y 
w i t h P£ from two d i f f e r e n t a l g a e , i t c o u l d be shown t h a t 
t h e r e i s a l w a y s a complex decay of f l u o r e s c e n c e , w h i c h can 
be f i t s a t i s f a c t o r i l y by a b i e x p o n e n t i a l ( f i g . 6 ) . The 
a n a l y s i s o f the components i n t h e i s o t r o p i c and a n i s o t r o p i c 
f l u o r e s c e n c e y i e l d e d d i f f e r e n t a m p l i t u e s and r a t e c o n s t a n t s , 
but the s l o w component was a l w a y s l e s s pronounced and i n the 
aggregated pigments even a b s e n t i n the p o l a r i z e d f l u o r e s c e n c e 
( t a b l e 2 ) . S i n c e r o t a t i o n a l d e p o l a r i z a t i o n can be e x c l u d e d 
f o r p r o t e i n s of t h i s s i z e on the p i c o s e c o n d t i m e - s c a l e , t h i s 
d e p o l a r i z a t i o n has been a s s i g n e d to e n ergy t r a n s f e r among 
the i n d i v i d u a l chromophores. I t i s a c c o r d i n g l y more pronounced 
i n the a g g r e g a t e s and a p p e a r s to be a b s e n t i n the c x - s u b u n i t 
b e a r i n g o n l y a s i n g l e chromophore ( f i g . 6 a ) . The two r a t h e r 
l o n g - l i v e d components a r e h e r e a s s i g n e d to two s p e c i e s , the 
s h o r t e r l i v e d b e i n g p r o b a b l y an a r t i f a c t from the d e n a t u r a t i o n 
- r e n a t u r a t i o n n e c e s s a r y to s e p a r a t e the s u b u n i t s . A d d i t i o n a l 
s u p p o r t f o r the i n t e r p r e t a t i o n of the s h o r t l i v e d component 
to r e f l e c t e n e rgy t r a n s f e r comes from the i n c r e a s e d d i f f e r e n c e 
between i s o t r o p i c and a n i s o t r o p i c f l u o r e s c e n c e w i t h i n c r e a s i n g 
a g g r e g a t i o n ( t a b l e 2 ) . The d e c r e a s e d l i f e t i m e s i n whole a l g a e 
( f i g . 6c) a r e f i n a l l y u n d e r s t a n d a b l e on the b a s i s of a 
f u r t h e r t r a n s f e r to the c h l o r o p h y l l s w h i c h a c t s as an e f f i -
c i e n t quencher f o r the b i l i p r o t e i n f l u o r e s c e n c e . I t s h o u l d 
be p o i n t e d out, h o w e v e r , t h a t a q u a n t i t a t i v e a n a l y s i s of t h i s 
p r o c e s s i s a t p r e s e n t r a t h e r d i f f i c u l t and depends n o t on 
the s i g n a l - t o - n o i s e r a t i o of the d a t a , b u t a l s o c r i t i c a l on 
the model. I t was t h u s n o t p o s s i b l e to d i s t i n g u i s h a b i e x -
p o n e n t i a l f r o m a h i g h e r e x p o n e n t i a l or a more complex decay 
law ( e . g . e - " / ? ) , w h i c h might be e x p e c t e d f o r a FOERSTER 
type energy t r a n s f e r . 
H i g h - r e s o l u t i o n s p e c t r o s c o p y i n the time domain can a l s o 
be supplemeni*rfby h i g h - r e s o l u t i o n s p e c t r o s c o p y i n the f r e -
quency domain. H o l e - b u r n i n g e x p e r i m e n t s have been performed 
w i t h c h l o r o p h y l l s and b i l i p r o t e i n s ( f i g . 7) to y i e l d h i g h -
r e s o l u t i o n a b s o r b t i o n s p e c t r a ( 4 2 ) . The p r o c e s s i n v o l v e s 
s i t e - s e l e c t i v e p h o t o c h e m i s t r y a t l i q u i d h e l i u m t e m p e r a t u r e s , 
most l i k e l y p r o t e i n t r a n s f e r r e a c t i o n s , w h i c h l e a v e a " h o l e " 
i n the a b s o r b t i o n band c o r r e s p o n d i n g to the n a t u r a l l i n e -
w i d t h as d e t e r m i n e d by t h e k i n e t i c s of the p r o c e s s . I n the 
c a s e of C - p h y c o e r y t h r i n , t h e s e h o l e s a r e acompanied by 
s l i g h t l y w i d e r s a t e l l i t e h o l e s a t the l o n g - w a v e l e n g h t s i d e 
of t h e p r i m a r y h o l e . They may be r e l a t e d to energy t r a n s f e r 
between the d i f f e r e n t chromophores i n t h i s pigment ( 4 2 a ) . 
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F i g . 7 : H o l e b u r n i n g e x p e r i m e n t w i t h a m i x t u r e o f 
C-PC a n d APC f r o m S p i r u l i n a p l a t e n a i « . 
A b s o r p t i o n s p e c t r u m a t 1.7 Κ b e f o r e T a ) a n d 
a f t e r i r r a d i a t i o n ( b ) w i t h a n a r r o w - b a n d 
l a c e r . T h e «sharp h o l e d e v e l o p s a t t h e l a « e r 
f r e q u e n c y . I t i s a c c o m p a n i e d b y a b r o a d e r 
p h o n on s i d e - b a n d . 
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The p r o p e r t i e s of t e t r a p y r o l e chromophores a r e u s u a l l y 
c o n s i d e r a b l y changed when t h e y a r e bound to the n a t i v e 
a p o p r o t e i n s . S p e c t r o s c o p y has become i n many ways a 
me d i a t o r between the n a t i v e s t r u c t u r e s and models mim-
i c k i n g c e r t a i n a s p e c t s o f t h i s s t a t e · C h l o r o p h y l l aggega-
t i o n has p l a y e d an i m p o r t a n t r o l e to e v a l u a t e i t s donor-
a c c e p t o r p r o p e r t i e s f o r c o o r d i n a t i v e bonding ( 4 4 ) . A l t h o u g h 
t h e s e l f - a g g r e g a t i o n o f c h l o r o p h y l l s a p p e a r s c u r r e n t l y l e s s 
i m p o r t a n t i n v i v o , the i n t e r a c t i o n s w i t h the p r o t e i n a r e gov-
e r n e d by e s s e n t i a l l y t h e same f a c t o r s . I t i s a l s o w e l l pos-> 
s i b l e , t h a t the formt, have been an o l d e r e v o l u t i o n a r y 
f e a t u r e w h i c h has l a t e r on been r e p l a c e d by the l a t t e r , w h i c h 
may be s u g g e s t e d from t h e antenna s y s t e m of g r e e n b a c t e r i a . 
I n t h e b i l i p r o t e i n s , c o n f o r m a t i o n a l changes have been 
made most l i k e l y as an i m p o r t a n t f a c t o r d e t e r m i n i n g the 
p r o p e r t i e s o f the n a t i v e s t a t e . The u v - v i s s p e c t r a l d i f f e r -
e n c e s between n a t i v e and d e n a t u r e d b i l i p r o t e i n s , e.g. P £ or 
P r , can be a c c o u n t e d f o r by an extended and c y c l i c c o n f o r -
m a t i o n , r e s p e c t i v e l y , o f the chromophore ( 3 ) · T h i s has been 
s u p p o r t e d b o t h by t h e p r o p e r t i e s of s y n t h e t i c b i l e pigments 
w i t h r e s t r i c t e d c o n f o r m a t i o n a l freedom, and by MO c a l c u l a t i o n s . 
The comparable l a r g e r e d - s h i f t o f n a t i v e V c a n , however, 
n o t been r a t i o n a l i z e d on t h i s b a s i s a l o n e . There a r e o n l y two 
e x p e r i m e n t i a l l y s t u d i e d p r o c e s s e s l e a d i n g to s i m i l a r l y l a r g e 
r e d - s h i f t s , e.g. d e p r o t o n a t i o n and c a t i o n r a d i a l f o r m a t i o n * 
S i n c e t h e l a t t e r i s u n l i k e l y from ESR d a t a , the extended 
a n i o n i c 15-E s t r u c t u r e l c has been s u g g e s t e d f o r n a t i v e P« 
( l , 3 ) . M o r e r e c e n t l y , w e have o b t a i n e d e v i d e n c e t h a t t h e higE 
f l u o r e s c e n c e of n a t i v e b i l i p r o t e i n s can be e x p l a i n e d i n 
terms of a r e s t r i c t e d c o n f o r m a t i o n a l freedom. T h i s i n t e r -
p r e t a t i o n comes from t h e h i g h f l u o r e s c e n c e y i e l d of r i g i d 
b i l i r u b i n s , w h i c h we i n v e s t i g a t e d i n c o o p e r a t i o n w i t h 
A.R. H o l z w a r t h from Mülheim ( I s r . J . Chem., i n p r e s s ) . 
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F i g . 8 : S u g g e s t e d geometry T o r t h e PC c h r o m o p h o r e i n 
i t * n a t i v e ( r i g h t ) a n d d e n a t u r e d « t ä t e , t o -
g e t h e r w i t h t h e c o r r e s p o n d i n g e x p e r i m e n t a l 
a b s o r p t i o n s p e c t r a ( b o t t o m o f ( a ) ) a n d t h e 
c a l c u l a t e d s p e c t r a ( 1 , 1 1 A,C, r e s p e c t i v e l y ) . 
I a n d I I d e n o t e t h e t a u t o t n e r , c a r r y i n g a 
p r o t o n a t a n c * ^ 2 3 ' r e e P e c ^ ^ ν β ^ Υ · Β 
t h e c a l c u l a t e d 
g e o m e t r y . 
s p e c t r u m f o r a s e m i - o p e n 
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C d : END OR SPECTROSCOPY OF THE PRIMARY DONOR IN PHOTO­
SYNTHESIS 
E l e c t r o n s p i n r e s o n a n c e (ESR) i s a s e n s i t i v e and h i g h l y 
s e l e c t i v e t e c h n i q u e f o r the i n v e s t i g a t i o n of p a ramagnetic 
s p e c i e s . I t has a l s o a comparably l a r g e i n f o r m a t i o n c o n t e n t 
and i t s t h e o r y i s w e l l worked out to a l l o w the i n v e s t i ­
g a t i o n of s t r u c t u r e s w i t h o u t too s t r i n g e n t r e q u i r e m e n t s 
w i t h r e g a r d to model compounds. The two major groups of 
p aramagnetic s t r u c t u r e s i n b i o l o g i c a l systems a r e heavy 
metal i o n s and o r g a n i c r a d i c a l s . B o t h p a r t i c i p a t e -
among o t h e r f u n c t i o n s - i n b i o l o g i c a l o x i d a t i o n s and 
r e d u c t i o n s , and i m p o r t a n t i n f o r m a t i o n has been o b t a i n e d 
on t h e s e s y s t e m s by the a p p l i c a t i o n of ESR. Major l i m i ­
t a t i o n s a r e t h e o v e r l a p of s i g n a l s from o r g a n i c r a d i c a l s , 
w h i c h ar e u s u a l l y c l u s t e r e d w i t h i n a s m a l l s p e c t r a l range 
and the l i m i t e d time r e s o l u t i o n , w h i c h has o n l y r e c e n t l y 
been extended t o the sub-nanosecond time s c a l e . 
One of the f i r s t s t u d i e s o f ESR i n b i o l o g y showed, t h a t 
an u n s t r u c t u r e d l i n e can be o b s e r v e d i n p h o t o s y n t h e t i c 
t i s s u e upon i l l u m i n a t i o n . T h i s s i g n a l ( f i g . 9a) has l a t e r 
been a s s i g n e d t o the c a t i o n r a d i c a l of the p r i m a r y donor 
of b a c t e r i a l r e a c t i o n c e n t e r s , or of p h o t o s y s t e m l o f g r e e n 
p l a n t s ( 2 9 ) · The p r i m a r y s t e p d u r i n g the p h o t o s y n t h e t i c 
energy c o n v e r s i o n i s the e l e c t r o n t r a n s f e r from an 
e l e c t r o n i c a l l y e x c i t e d c h l o r o p h y l l m o l e c u l e to an a c c e p t o r 
w h i c h i s p r o b a b l y a l s o a c h l o r o p h y l l or p h e o p h y t i n . T h i s 
l e a v e s the p r i m a r y donor as a c a t i o n r a d i c a l , w h i c h i s 
r e - r e d u c e d on t h e ^wsec or msec time s c a l e . S i n c e the l a t t e r 
p r o c e s s i s i n most r e a c t i o n c e n t e r s r a t e l i m i t i n g i n s t r o n g 
l i g h t , the p r i m a r y donor can be f u l l y c o n v e r t e d to the 
o x i d i z e d form d u r i n g s a t u r a t i n g i r r a d i a t i o n . T h i s r e s u l t s 
i n the r e v e r s i b l e , l i g h t i n d u c e d f o r m a t i o n of a s t r o n g 
ESR s i g n a l , and i n the c o n c o m i t a n t b l e a c h i n g o f a b s o r p t i o n 
bands a s s o c i a t e d w i t h the p r i m a r y donor c h l o r o p h y l l . 
The o p t i c a l changes a r e u s u a l l y monitored around 700, 870 
and 96Ο nm i n t h e r e a c t i o n c e n t e r s of PS I , B e h l a and 
B e h l b c o n t a i n i n g b a c t e r i a , r e s p e c t i v e l y . They a r e r a t h e r 
s m a l l , however, i n a l l but h i g h l y e n r i c h e d r e a c t i o n c e n t e r 
f r a c t i o n s , b e c a u s e t h e y o v e r l a p w i t h the a b s o r p t i o n of 
antenna pigments p r e s e n t i n l a r g e e x c e s s . S i n c e the l a t t e r 
a re ESR i n a c t i v e , the ESR s i g n a l does not s u f f e r from 
t h i s i n t e r f e r e n c e . A f t e r the k i n e t i c c o r r e l a t i o n of the two 
s i g n a l s and i t s a s s i g n m e n t to a c h l o r o p h y l l c a t i o n 
r a d i c a l , has ESR t h e r e f o r e been u s e d e x t e n s i v e l y to monitor 
and to o b t a i n s t r u c t u r a l i n f o r m a t i o n on the p r i m a r y donor. 
The most d a t a have c u r r e n t l y been accum u l a t e d on b a c t e r i a l 
systems, b e c a u s e t h e c h e m i c a l i d e n t i t y of i t s o r i g i n i s 
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F i g . 9 · ( a ) E S R s p e c t r u m o f t h e c a t i o n r a d i c a l 
B e h l a * i n m e t h a n o l / C H ^ C l ^ ( h e a v y l i n e ) 
a n d o f Ρ 8 7 0 + # j _ n i s o l a t e d r e a c t i o n c e n t e r s 
f r o m R h o d o p s e u d o m o n a s « p h e r o i d e s ( t h i n l i n e ) , 
( b ) ENDOR s p e c t r u m o f f u l l y p r o t o n a t e d ( u p p e r 
t r a c e ) a n d s e l e c t i v e l y d e u t e r a t e d D c h l a. i n 
t h e same s o l v e n t s y s t e m , ( c ) S p e c i a l T R I P L E 
s p e c t r u m o f Ρ 870 i n r e a c t i o n c e n t e r s f r o m 
R h o d o p s e u d o m o n a s s p h e r o i d e s R26 ( u p p e r t r a c e ) 
a n d R h o d o s p i r i l l u m r u b r u m G 9 · I n t h i s t e c h ­
n i q u e , two r a d i o f r e q u e n c i e s a r e a p p l i e d 
s i m u l t a n e o u s l y w h i c h a r e s y m m e t r i c t o t h e f r e e 
p r o t o n f r e q u e n c y (=Y„. i n b ) . 
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w e l l e s t a b l i s h e d ( B e h l or B e h l 1) depending on the 
s p e c i e s ) , and r e a c t i o n c e n t e r s can be i s o l a t e d w h i c h a r e 
e s s e n t i a l l y f r e e from o t h e r components of the photo-
s y n t h e t i c a p p a r a t u s ( 3 0 ) . 
The ESR s p e c t r a o f c h e m i c a l l y o x i d i z e d b a c t e r i o c h l o r o -
p h y l l a i n s o l u t i o n and of the l i g h t i n d u c e d i n s i t u 
s i g n a l of the p r i m a r y donor i n B e h l «a c o n t a i n i n g b a c t e r i a 
a r e v e r y s i m i l a r ( f i g . 9 a ) . T h e n l y e x c e p t i o n i s the l i n e 
w i d t h , w h i c h i s r e d u c e d i n the n a t u r a l systems by a f a c t o r 
of 1.4, NORRIS and coworkers were the f i r s t to r e l a t e t h i s 
n a r r o w i n g t o a g g r e g a t i o n , and a r r i v e d a t an a g g r e g a t i o n 
c o n s t a n t of two from a second moment a n a l y s i s ( " s p e c i a l 
p a i r H model) ( 3 1 ) · T h i s i n t e r p r e t a t i o n was l a t e r on 
supported by e l e c t r o n - n u c l e a r d o u b l e - r e s o n a n c e (ECTOR) 
s p e c t r o s c o p y . T h i s a l l o w e d t h e r e s o l u t i o n of a t l e a s t 
f i v e c o u p l i n g c o n s t a n t s i n the inhomogeneously broadened 
ESR l i n e . A l l r e s o l v e d ENDOR c o u p l i n g s were red u c e d i n t h e 
i n s i t u s i g n a l by a f a c t o r o f about two as compared to t h e 
s i g n a l of f r e e B e h l b, w h i c h s t r o n g l y s u p p o r t e d the above 
model ( 3 2 ) . 
A drawback o f e a r l i e r ENDOR s t u d i e s had been t h e i r 
r e s t r i c t i o n to low t e m p e r a t u r e s ( ^  7 7 K ) . The development 
of ENDOR a t ambient t e m p e r a t u r e s by MOEBIUS and coworkers 
prompted us a few y e a r s ago, to s t u d y i n c o o p e r a t i o n w i t h 
them b a c t e r i a l r e a c t i o n c e n t e r s i n l i q u i d s o l u t i o n ( 3 3 ) · 
T h i s i s n o t o n l y an advantage w i t h r e s p e c t to the more 
p h y s i o l o g i c a l t e m p e r a t u r e s , b u t g i v e s a l s o a c o n s i d e r a b l y 
i n c r e a s e d r e s o l u t i o n due to the a v e r a g i n g o f d i p o l a r 
i n t e r a c t i o n s ( f i g * 9 )· The ENDOR l i n e s were a s s i g n e d by 
a c o m b i n a t i o n o f i s o t o p e l a b e l i n g , c h e m i c a l c o r r e l a t i o n s 
and s p e c t r o s c o p i c t e c h n i q u e s ( f i g . 9,b,c) and the r e s u l t s 
a r e summarized i n t a b l e 3 · f o r r e a c t i o n c e n t e r s from two 
p h o t o s y n t h e t i c b a c t e r i a , Rhodopseudomonas s p h e r o i d e s and 
R h o d o s p i r i l l u m rubrum. There a r e some d i s t i n c t and p r e -
p a r a t i o n i n d e p e n d e n t d i f f e r e n c e s between the s p e c i e s ( f i g . 
9) but the g e n e r a l p i c t u r e i s i d e n t i c a l : A l l c o u p l i n g c o n -
s t a n t s i n t h e r e a c t i o n c e n t e r s a r e re d u c e d i n comparison 
to the r e s p e c t i v e c o u p l i n g s from o x i d i z e d B e h l at i n s o l u -
t i o n . The r e d u c t i o n f a c t o r s a r e , however, c o n s i d e r a b l y 
d i f f e r e n t f o r d i f f e r e n t p r o t o n c o u p l i n g s , w h i c h i n d i c a t e s 
a r e d i s t r i b u t i o n o f the s p i n d e n s i t i e s i n the o x i d i z e d 
p r i m a r y donor. The av e r a g e r e d u c t i o n f a c t o r i s , however, 
a g a i n c l o s e t o two, t h u s i n d i c a t i n g a g a i n a d i m e r i c 
s t r u c t u r e f o r P870?* There i s f u r t h e r m o r e o n l y one s e t o f 
l i n e s f o r e a c h c o u p l i n g i n the i n s i t u s p e c i e s , e.g. the 
i n d i v i d u a l l i n e s a r e n o t s p l i t . S i n c e s u c h a d o u b l i n g o f 
l i n e s would be e x p e c t e d f o r an unsymmetric s p i n d i s t r i -
b u t i o n over t h e two h a l v e s o f the s p e c i a l p a i r , t h i s a r g u e s 
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F i g . 1 0 : P r o p o s e d g e o m e t r y f o r P g - ^ . t , t h e o x i d i z e d 
p r i m a r y d o n o r o f b a c t e r i a l ( B e h l a ) p h o t o -
s y n t h e s i s . T h e p l a n e - t o - p l a n e d i s t a n c e o f t h e 
m o l e c u l e s i s 3 . 5-4A. T h e f i t i s o b t a i n e d f r o m 
s i m u l a t i o n s o f t h e E S R l i n e ehown i n f i g . 9 
w i t h t h e c o u p l i n g s f r o m t a b l e 3 · 
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f o r a dimer w i t h C 2 symmetry. 
The e x p e r i m e n t a l s p i n d e n s i t i e s can now be us e d to 
s i m u l a t e t h e ESR s p e c t r u m . A s a t i s f a c t o r y f i t i s a g a i n 
o n l y o b t a i n e d under t he assumption of a d i m e r i c s p e c i e s 
f o r the o x i d i z e d p r i m a r y donor. Based on t h e s e d a t a has 
the B e r l i n group r e c e n t l y s t a r t e d m o l e c u l a r o r b i t a l c a l ­
c u l a t i o n s to a s s e s s t h e g e o m e t r i c r e l a t i o n s h i p o f t h e two 
m o l e c u l e s i n t h e s p e c i a l p a i r . The two B e h l «ι m o l e c u l e s a r e 
t r e a t e d a s a s u p e r - m o l e c u l e i n t h e s e c a l c u l a t i o n s . The 
p r e l i m i n a r y r e s u l t s make the model shown i n fig. 1 0 most 
l i k e l y . The two molecule_s have a C 2 a x i s , and t h e y a r e 
e s s e n t i a l l y p a r a l l e l 5 C ) to each o t h e r a t a d i s t a n c e 
o f 3 · 5 to k A. The two m a c r o c y l e s a r e , however, s h i f t e d 
a g a i n s t e a c h o t h e r and o v e r l e p o n l y i n the r e g i o n of r i n g 
t h r e e . T h i s model f i t s a l l the d a t a , i t a c c o u n t s i n 
p a r t i c u l a r f o r the symmetry of the e n t i r e system, and 
a l s o f o r t h e o b s e r v e d s p i n d e n s i t y r e d i s t r i b u t i o n i n t h e 
two h a l v e s . 
Whereas i t i s r a t h e r n i c e l y s e l f - c o n s i s t e n t , some con­
s t r a i n t s s h o u l d be p o i n t e d out. I t i s f i r s t l y o n l y 
a p p l i c a b l e to B e h l ja c o n t a i n i n g r e a c t i o n c e n t e r s from t h e 
R h o d o s p i r i H a l e s , and t h e a v a i l a b l e ENDOR d a t a i n d i c a t e 
a r a t h e r d i f f e r e n t s i t u a t i o n f o r B e h l b c o n t a i n i n g r e a c t i o n 
c e n t e r s and f o r the p h o t o s y s t e m I and I I of oxy g e n i c 
p h o t o s y n t h e s i s . T h i s i s a l s o e v i d e n t from r e c e n t ESR 
ex p e r i m e n t s w i t h o r g a n i s m s h i g h l y e n r i c h e d i n b o t h and 
^H, w h i c h r a t h e r s u p p o r t a monomeric s t r u c t u r e f o r t h e 
l a t t e r ( 3 5 ) , and from t h e r e c e n t i n d i c a t i o n t h a t a 
pigment s t r u c t u a l l y d i f f e r e n t from C h i a i s p r e s e n t i n 
photosystem I ( s e c t i o n B . b ) . There i s f i n a l l y a s u g g e s t i o n 
t h a t s e v e r e d i s t o r t i o n s o f the h i g h e s t o c c u p i e d m o l e c u l a r 
o r b i t a l (by m i x i n g i n of the e n e r g e t i c a l l y c l o s e l o w e s t 
u n o c c u p i e d MO), c o u l d p r i n c i p a l l y e x p l a i n the e x p e r i m e n t a l 
d a t a a l s o w i t h a monomeric s p e c i e s ( 3 6 ) . A l t h o u g h none o f 
our d a t a g i v e i n d i c a t i o n s t h a t t h i s s u g g e s t i o n i s c o r r e c t , 
the model p r e d i c t s some c h a r a c t e r i s t i c f e a t u r e s ( h i g h 
s p i n d e n s i t y a t the c e n t r a l n i t r o g e n and methine p o s i t i o n s ) 
w h i c h a r e a t l e a s t p r i n c i p a l l y a c c e s s i b l e t o c o n c l u s i v e and 
d i r e c t measurements ( e . g . * * N - l a b e l i n g ) . Such t e s t s a r e 
c u r r e n t l y under way. 
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C.e.; RAMAN RESONANCE STUDIES IN PHOTOSYNTHESIS 
RAMAN resonanc e (RR) i s p r o b a b l y one of the most g e n e r a l 
t e c h n i q u e s f o r the s t u d y o f complex pigment s y s t e m s , be­
caus e i t i s v e r y s e n s i t i v e , w i d e l y a p p l i c a b l e , q u i t e 
s e l e c t i v e , p r o v i d e s an e x t r e m e l y h i g h time r e s o l u t i o n and 
i s a c c e s s i b l e to a r a t h e r s t r a i g h t f o r w a r d t h e o r e t i c a l 
a n a l y s i s . The t e c h n i q u e makes use of t h e s t r o n g enhancement 
of the RAMAN spectrum of p i g m e n t s , i f t h e e x c i t a t i o n o c c u r s 
i n one of i t s a b s o r p t i o n bands. T h i s r e d u c e s t h e background 
from u b i q u i t o u s components l i k e p r o t e i n s on w a t e r 
s u f f i c i e n t l y f o r a s e l e c t i v e s t u d y . The ma j o r problem -
b e s i d e s t e c h n o l o g y - i s the i n t e r f e r e n c e o f even low 
l e v e l s of f l u o r e s c e n c e . U n f o r t u n a t e l y a r e most p h o t o ­
s y n t h e t i c pigments h i g h l y f l u o r e s c e n t , b u t t h i s p r o b l e m 
can be c i r c u m v e n t e d by e x c i t a t i o n i n t o h i g h e r e x c i t e d 
s t a t e s , e.g. i n t o the SOREΤ band. A n o t h e r p r o b l e m i s t h e n , 
however, the o v e r l a p of the a b s o r p t i o n l i n e s of many 
pigments i n t h i s s p e c t r a l range, w h i c h c a n p a r t l y be 
ci r c u m v e n t e d by a p p r o p r i a t e b i o c h e m i c a l m a n i p u l a t i o n s ( i s o ­
l a t i o n of complexes, redox c h a n g e s ) and by s p e c t r o s c o p i c 
means ( v a r i a t i o n of the e x c i t a t i o n w a v e l e n g t h ) . Two 
l a b o r a t o r i e s have c o n c e n t r a t e d i n t h e p a s t few y e a r s on RR 
s p e c t r o s c o p y o f p h o t o s y n t h e t i c p i g m e n t s , i n p a r t i c u l a r 
the c h l o r o p h y l l s ( 3 7 f 3 8 ) . COTTON e t a l . (38) have begun 
w i t h a s y s t e m a t i c s t u d y o f i n v i t r o s y s t e m s , e.g. f r e e 
c h l o r o p h y l l s i n d i f f e r e n t s t a t e s o f a g g r e g a t i o n and 
o x i d a t i o n , to o b t a i n an i n t e r p r e t a t i o n a l b a s i s f o r 
p h o t o s y n t h e t i c complexes. LUTZ e t a l . ( 3 7 ) have s t a r t e d 
w i t h b i o l o g i c a l systems (whole c e l l s , c h l o r o p h y l l - p r o t e i n 
c o m p l e x e s ) , and bas e d t h e i r i n t e r p r e t a t i o n s t r o n g l y on 
su c h complexes f o r w h i c h good s t r u c t u r a l d a t a a r e a v a i l ­
a b l e ( e . g . the w a t e r - s o l u b l e a n t e n n a b a c t e r i o c h l o r o p h y l l -
p r o t e i n from P r o s t e c o c h l o r u s a e s t u a r i i ) . 
There a r e two s p e c t r a l r e g i o n s i n t h e RR s p e c t r a o f c h l o r o ­
p h y l l ( - p r o t e i n ) w h i c h a r e w e l l a c c e s s i b l e t o a n a l y s i s . 
One i s the c a r b o n y l r e g i o n , w h i c h shows t h e C=0 groups 
w h i c h a r e c o n j u g a t e d to the m a c r o c y c l e f r - s y s t e m . T h e i r 
b i n d i n g s t a t e and c o n f o r m a t i o n c a n be a s s e s e d from s h i f t s 
and i n t e n s i t y v a r i a t i o n s , r e s p e c t i v e l y , i n t h e c a r b o n y l 
s t r e t c h i n g b€*ids. The major c o n c l u s i o n from t h e s e d a t a was, 
t h a t a d i f f e r e n t i a t i o n i s p o s s i b l e among most o f t h e i n d i ­
v i d u a l c a r b o n y l groups to be e x p e c t e d from t h e number 
of c h l o r o p h y l l s p r e s e n t i n a p a r t i c u l a r c h r o m o p r o t e i n , and 
t h a t most i f not a l l c a r b o n y l groups a r e hydrogen bonded, 
p r o b a b l y to the a p o p r o t e i n . The se c o n d most i n f o r m a t i v e 
r e g i o n i s around 300 cm , w h i c h has been a s s i g n e d to the 
c e n t r a l Mg-N v i b r a t i o n s . There i s a g a i n one g e n e r a l r e s u l t , 
e.g. the c e n t r a l Mg i s f i v e c o o r d i n a t e d i n most o f the p r o -
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t e i n bound p i g m e n t s . 
S t u d i e s w i t h b a c t e r i a l r e a c t i o n c e n t e r s showed changes i n 
the c a r b o n y l r e g i o n upon o x i d a t i o n of the p r i m a r y donor, 
but few changes i n o t h e r r e g i o n s . LUTZ has u s ed t h i s as 
an argument a g a i n s t any c l o s e a s s o c i a t i o n among pigments, 
and i n p a r t i c u l a r a g a i n s t the s p e c i a l p a i r model, because 
more pronounced changes a r e e x p e c t e d i n a g g r e g a t e d systems 
( 3 7 a ) . The f u l l meaning o f t h i s d i s c r e p a n c y i s c u r r e n t l y 
not y e t c l e a r . ENDOR and RR work a t r a t h e r d i f f e r e n t time 
s c a l e s , w h i c h means t h a t a hopping r a t e i n the r e g i o n of 
1 0 l 2 s e c ~ * would be s e e n as a d e l o c a l i z e d e l e c t r o n by the 
former, b u t a l o c a l i z e d one by the l a t t e r t e c h n i q u e . 
BOWMAN and ( 3 9 ) Ν ORRIS have r e c e n t l y narrowed t h i s time 
gap by s p i n - e c h o e x p e r i m e n t s , but i t i s s t i l l i n the range 
of two o r d e r s of magnitude. 
I t i s a l s o d e s i r a b l e , t h a t the RR method becomes more 
s e l e c t i v e f o r the d i f f e r e n t pigments p r e s e n t i n r e a c t i o n 
c e n t e r s , s i n c e o n l y one or two of the s i x t e t r a p y r r o l e s 
a r e p a r t o f the p r i m a r y donor. Two p r o m i s i n g e x t e n s i o n s 
of t h e c o n v e n t i o n a l t e c h n i q u e have r e c e n t l y been a p p l i e d 
f o r the f i r s t t ime t o c h l o r o p h y l l p r o t e i n s , w h i c h may be 
u s e f u l i n t h i s r e s p e c t . One i s the s u r f a c e enhanced RR, 
the complexes a r e d e p o s i t e d on a s i l v e r e l e c t r o d e . COTTON 
e t a l . (38a) have shown w i t h b a c t e r i a l r e a c t i o n c e n t e r s , 
t h a t t h i s enhances s t r o n g l y the s e n s i t i v i t y and quenches 
the i n t e r f e r i n g f l u o r e s c e n c e , and t h a t i t i s a l s o p o s s i b l e 
to enhance s e l e c t i v e l y t h e RR s i g n a l from d i f f e r e n t p i g ­
ments w i t h i n the r e a c t i o n c e n t e r by v a r i a t i o n of the 
p o t e n t i a l a p p l i e d t o t h e e l e c t r o d e . Another t e c h n i q u e w h i c h 
i s a t l e a s t p r i n c i p a l l y r e l a t e d to RR i s the c o h e r e n t a n t i -
STOKES RAMAN s c a t t e r i n g . I t s most i m p o r t a n t advantage over 
c o n v e n t i o n a l RR i s i t s g r e a t l y reduced s e n s i t i v i t y to 
f l u o r e s c e n c e , b e c a u s e t h e v i b r a t i o n a l l i n e s a r e o b s e r v e d a t 
the h i g h - r a t h e r t h a n t h e l o w - f r e q u e n c y s i d e of the ex­
c i t a t i o n l i n e . HOXTERMANN e t a l . (4o) have demonstrated, 
t h a t t h i s p e r m i t s t h e measurement of c h l o r o p h y l l s i n the 
red s p e c t r a l r e g i o n , w h i c h i s much more s e n s i t i v e to 
v a r i a t i o n s i n the c h l o r o p h y l l environment and thus a l l o w s 
more s e l e c t i v e s t u d i e s . A l t h o u g h the method seems to be 
somewhat l e s s s e n s i t i v e i n the c a r b o n y l r e g i o n , i t a l l o w e d 
l i k e the BR t e c h n i q u e a d i s t i n c t i o n of s e v e r a l bands a s ­
s i g n e d to t h e c a r b o n y l groups of C h i a and C h i b mole­
c u l e s d i f f e r i n g by t h e i r d i f f e r e n t e n v i r o n m e n t s . T h i s s i t e -
s p e c i f i c d i s t i n c t i o n i s s u p p o r t e d by the a n a l y s i s of the 
more i n t e n s e s p e c t r a l r e g i o n between l 6 0 0 and 100 cm - 1 . I t 
i s dominated by the d ouble bond s t r e t c h i n g v i b r a t i o n s of the 
the c o n j u g a t e d s y s t e m , w h i c h a l s o y i e l d m u l t i p l e l i n e s i n 
the c h l o r o p h y l l p r o t e i n s . The d e c r e a s e d i n t e r f e r e n c e of 
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f l u o r e s c e n c e i n CARS r e n d e r s i t s a p p l i c a t i o n t o 
o t h e r p i g m e n t s p o s c i b l e , e . g . t h e b i l i p r o t e i n s . 
T h e r e i s o n l y a l i m i t e d amount o f RR d a t a on t h e i r 
c h r o m o p h o r e s ( 4 0 , a n d CARS may h e l p t o g e t m o r e 
d e t a i l s a b o u t t h e i r n a t i v e c h r o m o p h o r e s . 
C o n c l u s i o n s 
I t has been t r i e d to s k e t c h some r e c e n t examples of s p e c ­
t r o s c o p i c t e c h n i q u e s to i n v e s t i g a t e p l a n t t e t r a p y r r o l e s , 
e i t h e r i s o l a t e d or i n t h e i r more or l e s s i n t a c t n a t u r a l 
environment. I t s h o u l d be emphasized t h a t a l l t h e s e l e c t e d 
examples r e q u i r e d the c o o p e r a t i o n of s p e c t r o s c o p i s t s and 
b i o c h e m i s t s a l t h o u g h the l a t t e r havebeen n e g l e c t e d i n t h i s t a l k . 
None can do w i t h o u t the o t h e r i n s u c h r e s e a r c h , w h i c h poses 
some problems i n t i m i n g , a m u l t i p l i e d chance of breakdowns, 
and l a s t n o t l e a s t sample t r a n s f e r . The examples show, t h a t 
t h e s e shortcomings a r e sometimes compensated by t h e r e s u l t s , 
w h i c h have l e d to an improved p i c t u r e of the s t r u c t u r e and 
f u n c t i o n of t e t r a p y r o l e s on the m o l e c u l a r l e v e l . 
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